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(54) Method and apparatus for shaping semisolid metals 

(57) The improved method and apparatus for the 
semisolid forming of alloys to enable shaped parts hav- 
ing a fine-grained, spherical thixotropic structures to be 
produced in a convenient, easy and inexpensive man- 
ner without relying upon the conventional mechanical or 
electronoagnetic agitation. In the method, a liquid alloy 
having crystal nuclei at a temperature not lower than the 
liquidus XemperaturQ or a partially solid, partially liquid 
alloy having crystal nudei at a temperature not lower 
than a molding temperature is fed into an insulated ves- 
sel having a heat insulating effect held in said insulated 
vessel for a period from 5 seconds to 60 minutes as it is' ^ _ 
cooled to the molding temperature where a specified 
fraction liquid is established, thereby crystallizing fine 
primary crystals in the alloy solution, and the alloy is fed ^ 
into a forming mold, where it is shaped under pressure. 
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Description 



R^f^ qround the Invention 

This invention relates to a method of shaping semisolid metals. More P^^^"'^?; f „^ '^^^^^^ 

mmmmMmm 

semisolid metals having fine primary crystals and shaping them under pressure. 

Ser object of the invention Is to provide an apparatus that can .mplement th« method. 

5 t ^ymmarv of fr ? Invention 
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vessel having a heat insulating effect, held In said insulated vessel for a period from 5 seconds to 60 minutes as It is 
cooled to the molding temperature where a specified fraction liquid is established, thereby crystallizing prinnary crystals 
in the alloy solution, and the alloy is fed into a forming mold, where rt is shaped under pressure. 

According to claim 2, the crystal nuclei mentioned in daim 1 are generated by contacting the molten alloy with a 
5 surface of a jig at a temperature lower than the melting point of said alloy which has been held superheated to less than 
300*'C above the liquidus temperature. 

According to claim 3, the jig mentioned in claim 2 is a metallic or nonmetallic jig, or a metallic jig having a surface 
coated with nonmetallic materials or semiconductors, or a metallic jig compounded of nonmetallic materials or semicon- 
ductor, with said jig being adapted to be coolable from either inside or outside. 
w According to claim 4. the crystal nuclei mentioned in claim 1 or 2 are generated by applying vibrations to the molten 
metal in contact with either the jig or the insulated vessel or both. 

According to claim 5, the alloy mentioned in claim 1 or 2 is an aluminum alloy of a composition within a maximum 
solubilrty limit or a hypoeutectic aluminum alloy of a composition at or above a n^mum solubility limit. 

According to claim 6. the alloy mentioned in claim 1 or 2 is a magnesium alloy of a composition within a maximum 
15 solubility limit. 

According to daim 7, the aluminum alloy mentioned in claim 5 has 0.001% - 0.01% B and 0.005% - 0.3% Ti added 
thereto. 

According to claim 8, the magnesium alloy mentioned in claim 6 is one having 0.005% - 0.1% Sr added thereto, or 
one having 0.01% ■ 1 .5% Si and 0.005% - 0.1% Sr added thereto, or one having 0.05% - 0.30% Ca added thereto, 
20 According to claim 9. a molten aluminum alloy held superheated to less than 1 0O'^C above the liquidus temperature 
is directly poured into an insulated vessel without using a jig. 

Accading to claim 10, a molten magnesium alloy held superheated to less than lOO^'C above the liquidus temper- 
ature is directly poured into an insulated vessel without using a jig. 

According to daim 1 1 , liquid alloy having crystal nuclei that has been superheated by a degree pc ''C) of less than 
25 1 0°C above the liquidus fine is held in an insulated vessel for a period from 5 seconds to 60 minutes as it is cooled to a 
molding temperature where a specified fraction liquid is established, such that the cooling from the initial temperature 
at which said alloy is held in said insulated vessel to its liquidus tenperature is completed within a time shorter than the 
time Y (in minutes) calculated by the relation Y^IO-X and that the period of cooling from said initial temperature to a 
temperature 5°C lower than said liquidus temperature is not longer than 15 minutes, whereby fine primary crystals are 
30 crystallized in the alloy solution, which is then fed into a forming mold, where rt is shaped under pressure. 

According to claim 12, a partially solid, partially liquid alloy having crystal nuclei at a temperature not lower than a 
molding temperature is held within an insulated vessel for a period from 5 seconds to 60 minutes as it is cooled to the 
molding temperature where a specified fraction liquid is established.such that the period of cooling from the initial tem- 
perature at which said alloy is held in said insulated vessel to a temperature 5°C lower than its liquidus temperature is 
35 not longer than 15 minutes, whereby fine primary crystals are crystallized in the alloy solution, which is then fed into a 
forming mold, where it is shaped under pressure. 

According to daim 13. the crystal nudei mentioned in daim 1 1 or 12 are generated by holding a nwtten alloy super- 
heated to less than 300X above the liquidus temperature and contacting the melt with a surface of a jig at a lower tem- 
perature than its melting point. 

40 The second object of the invention can be attained by the apparatus recited in claim 14 which is for producing a 
semisolid forming metal having fine prin^ry crystals dispersed in a liquid phase, said apparatus comprising a nudeus 
generating section that causes a molten metal to contact a cooling jig to generate crystal nudei in the solution and a 
crystal generating section having an insulated vessel in which the metal obtained in said nucleus generating section is 
held as ft is cooled to a molding temperature at which said metal is partially solid, partially liquid. 

45 According to claim 15. the cooling jig in the nudeus generating section mentioned in claim 14 is either an indined 
flat plate that has an internal channel for a cooling medium and that has a pair of weirs provided on the top surface par- 
allel to the flow of the meK, or a cylindrical or semicylindrical tube. 

According to claim 1 6. liquid alloy having crystal nuclei at a temperature not lower than the liquidus temperature or 
a partially solid, partially liquid having crystal nuclei at a tenperature not lower than a molding temperature is poured 

50 into a vessel so that it is cooled to a temperature at which a fraction solid appropriate for shaping is established, said 
vessel being adapted to be heatable or coolable from either inside or outside, being made of a material having a thermal 
conductivity of at least 1 .0 kcal/hr • m • °C (at room temperature) and being held at a temperature not higher than the 
liquidus temperature of said alloy prior to its pouring, and said alloy is poured into said vessel in such a manner that 
fine, nondendritic primary aystals are aystallized in said alloy solution and that said alloy is cooled rapidly enough to 

55 be provided with a uniform temperature profile in said vessel, and said alloy, after being cooled, is fed into a forming 
mold, where it is shaped under pressure. 

According to daim 1 7, the st p of cooling the alloy mentioned in daim 16 is performed with the top and bottom por- 
tions of the vessel being heated by a greater degree than tiie middle portion or heat-retained with a heat-retaining mate- 



3 



eP0 745 694A1 



rial having a thermal conductivity of less than 1 .0 kcal/hr • m • °C or with either the top or bottom portion of the vessel 
being heated while the remainder is heat-retained. 

According to daim 18, the step of cooling the alloy mentioned in daim 16 is performed with the vessel holding said 
alloy being accommodated in an outer vessel that Is capable of accommodating said alloy holding vessel and that has 

5 a smaller thermal conductivity than said holding vessel, or that has a thermal conductivity equal to or greater than that 
of said holding vessel and which has a higher initial temperature than said holding vessel, or that is spaced from said 
holding vessel by a gas-filled gap, at a sufficiently rapid cooling rate to provide a uniform temperature profile through 
the alloy in said holding vessel no later than the start of the shaping step. 

According to claim 19, there is provided a method of managing the temperature of a semisolid metal slun-y for use 

10 in molding equipment in which a molten metal containing a large number of crystal nudei is poured into a vessel, where 
it is cooled to produce a semisolid metal slun-y containing both a solid and a liquid phase in specified amounts, said 
slurry being subsequently fed into a molding machine for shaping under pressure, which method is characterized in that 
the vessel for holding said molten metal is temperature-managed such as to establish a preset desired temperature 
prior to the pouring of said molten metal and such that said molten metal is cooled at an intended rate after said molten 

15 metal is poured into said vessel. 

According to claim 20, there is provided an apparatus for managing the temperature of a semisolid metal slurry to 
be used in molding equipment in which a molten metal containing a large number of crystal nudei is poured from a melt 
holding furnace into a vessel, where It is cooled to produce a semisolid metal slunry containing both a solid and a liquid 
phase in specified amounts and in which said slurry is directly fed into a molding machine for shaping under pressure, 

20 which apparatus is further characterized by compriseing the vessel for holding said molten metal, a vessel temperature 
control section for managing the temperature of said vessel, a semisolid metal cooling section for managing the tem- 
perature of the as-poured molten metal such that it is cooled at an intended rate, and a vessel transport mechanism 
comprising basically a robot for gripping, moving and transporting said vessel and a conveyor for carrying, rrwving and 
transporting said vessel. 

25 According to claim 21, the vessel temperature control section mentioned in claim 20 comprises a vessel cooling 
furnace for cooling the vessel in an ambient temperature not higher than a target tenperature for the vessel and a ves- 
sel heat-retaining furnace for holding the vessel at an ambient temperature equal to said target temperature. 

According to claim 22, the semisolid metal cooling section mentioned in daim 20 comprises a semisolid metal cool- 
ing furnace and a semisolid metal annealing furnace for managing the temperature in itself to be higher than the tem- 
30 perature in said semisolid metal cooling furnace. 

According to daim 23, the semisolid metal cooling furnace in the semisolid metal cooling sectfon mentioned in 
claim 22 is such that the area around the vessel can-ied on the conveyor device moving to pass through said furnace is 
partitioned into three regions, the upper, middle and lower parts, by means of two pairs of heat insulating plate, one pair 
consisting of an upper right and an upper left plate and the other pair consisting of a lower right and a lower left plate. 
35 with a heater being installed in both said upper and lower parts for heating said two parts at a higher temperature than 
hot air to be supplied to said central part. 

According to daim 24, a preheating furnace is installed at a stage prior to the semisolid metal cooling furnace in 
claim 22 to ensure that both a plinth having a lower thermal conductivity than the vessel and which carries said vessel 
before it is directed to said semisolid metal cooling furnace and a lid having a lower thermal conductivity than said ves- 
40 sel and which is to be placed to cover it after It accommodates said molten metal are preheated by being moved to pass 
through said preheating furnace in advance. 

According to claim 25, the semisolid metal cooling furnace is equipped with a control unit with which the tenpera- 
ture a the velocity of hot air to be supplied into said semisolid metal cooling furnace is controlled to vary with tiie lapse 
of time. 

45 According to daim 26. tiie semisolid metal cooling furnace mentioned in daim 22 conprises an anray of housings 
each accomnrxxiating the vessel as it contains ttie nrolten metal and being equipped with an openabte cover and hot air 
feed/exhaust pipes, as well as a mechanism by which a receptade for carrying said vessel is rotated about a vertical 
shaft. 

According to claim 27. a vibrator for vibrating the receptade mentioned in daim 26 is provided for each housing. 
so According to daim 28, the semisolid metal cooling furnace for treating the nrolten metal as poured into a vessel 
having a thermal conductivity of at least 1 .0 kcal/hr • m • is supplied with hot air having a temperature in the range 
from 150"C to 350°C for aluminum alloys and from 200'C to 450°C for magnesium alloys. 

According to claim 29. the semisolid metal cooling furnace for treating the molten metal as poured into a vessel 
having a thermal corxJuctivity of less than 1 .0 kcaWir • m • *C is supplied witii hot air having a temperature in range from 
55 50*»C to 200**C for aluminum alloys arxl from 1 00<*C to 250*C for magnesium alloys. 

According to daim 30, the molten metal as poured into tiie insulated vessel in claim 1 or 2 is isolated from the ambi- 
ent atmosphere by dosing the top surface of said vessel with an Insulating lid having a heat insulating effect as long as 
said mdten metal is held within said vessel until the molding temperature is reached. 

According to daim 31 , the alloy in daim 1 or 2 is specified to a zinc alloy. 
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According to daim 32, the alloy in claim 1 or 2 is specified to a hypereutectic Al-Si alloy having 0.005% - 0.03% P 
added thereto or a hypereutectic Al-Si alloy containing 0.005% - 0.03% P having either 0.005% - 0.03% Sr or 0.001% 
- 0.01% Na or both added thereto. 

According to claim 33, the alloy in claim 1 or 2 is specified to a hypoeutectic Al-Mg alloy containing Mg in an amount 
5 not exceeding a maximum solubility limit and which has 0.3% - 2.5% Si added thereto. 

According to claim 34, the pressure forming in daim 1 or 2 is accomplished with the alloy being inserted into a con- 
tainer on an extruding machine. 

According to daim 35, the extruding machine is of either a horizontal or a vertical type or of such a horizontal type 
in which the container changes position from being vertical to horizontal and the method of extrusion is either direct or 
10 indirect. 

According to claim 36, the crystal nudei in daim 1 are generated by a method in which two or more liquid alloys 
having different melting points that are held superheated to less than 50°G above the liquidus temperature are mixed 
either directly within the insulated vessel having a heat insulating effect or along a trough in a path into the insulated 
vessel, such that the temperature of the metal as mixed is either just above or below the liquidus temperature. 

IS According to claim 37, the two or wore metals to be mixed in claim 36 are preliminarily contacted with respective 
jigs each having a cooling zone such as to produce metals of different melting points tiiat have crystal nuclei and which 
have attained temperatures just either above or below tiie liquidus temperature. 

According to claim 38. the top surface of the semisolid metal that is held within the insulated vessel and which is to 
be fed into the forming mold in claim 1 is removed by means of either a metallic or nonmetallic jig during a period from 

20 just after the pouring into said vessel but before the molding temperature is reached and, thereafter, said semisolid 
metal is inserted into an injedion sleeve. 

According to claim 39, tiie outer vessel in claim 18 is heated either from inside or outside or by induction heating, 
with such heating being performed only or before or after the insertion of tiie holding vessel into the outer vessel or con- 
tinued throughout the period not only before but also after the insertion. 

25 According to claim 40, the aluminum alloy in daim 9 is replaced by a zinc alley. 

With these metiiods and apparatus of the invention, eitiier liquid or partially solid, partially liquid alloys having crys- 
tal nudei (as exenplified by molten Al and Mg alloys) are charged into an insulated vessel having a heat insulating 
effect and held tiiere lor a period from 5 seconds to 60 minutes as tiiey are cooled to a molding temperature, whereby 
fine and spherical primary crystals are generated in the solution and the resulting semisolid alloy is fed into a mdd, 

30 where it is pressure formed to produce a shaped part having a homogeneous microstructure. 

Brief Description of the Drawings 

Fig. 1 is a diagram showing a process sequence for tiie semisolid forming of a hypoeutectic aluminum alloy having 
35 a composition at or above a maximum solubility limit; 

Fig. 2 is a diagram showing a process sequence for tiie semisolid forming of a magnesium or aluminum alloy hav- 
ing a composition witiiin a maximum solubility limit; 

Fig. 3 shows a process flow starting witii the generation of spherical primary crystals and ending with the molding 
step; 

40 Fig. 4 shows diagrammatically the metallographic structures obtained in tiie respective steps shown in Rg. 3; 
Rg. 5 is an equilibrium phase diagram for an Al-Si alloy as a typical aluminum alloy system; 
Fig. 6 is an equilibrium phase diagram for a Mg-AI alloy as a typical magnesium alloy system; 
Fig. 7 is a diagrammatic representation of a micrograph showing the metallographic strudure of a shaped part 
according to tiie invention; 

45 Fig. 8 is a diagrammatic representation of a micrograph showing the metallographic strudure of a shaped part 
according to tiie prior art; 

Fig. 9 is a diagram showing a process sequence for tiie semisolid forming of hypoeutectic aluminum alloys having 
a composition at or above a maximum solubility limit acconding to examples of the invention (as redted in claims 
11 -13 and 18); 

50 Fig. 1 0 is a diagram showing a process sequence for the semisolid forming of magnesium or aluminum alloys hav- 
ing a composition within a maximum solubility limit according to examples of the invention (as recited in daims 1 1 
-13 and 18); 

Fig. 1 1 is an equilibrium phase diagram for Al-Si alloys as a typical aluminum alloy system according to the inven- 
tion (as recited in claims 11-13 and 18); 
55 Fig. 12 is an equilibrium phase diagram for Mg-AI alloys as a typical magnesium alloy system according to tiie 
invention (as recited in claims 11-13 and 18); 

Fig. 13 is a diagrammatic representation of a micrograph showing the metallographic structure of a shaped part 
according to tiie invention (as recited in claims 1 1 - 13); 
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Fig. 14 is a diagrammatic representation of a micrograph showing the metallographic structure of a shaped part 
according to the prior art (for conparison with the invention recited in claims 1 1 - 13); 
Fig. 15 is a graph showing how the holding time affects the crystal grain size of a prior art alloy (AZ91); 
Fig. 16 is a graph showing how the holding time affects the crystal grain size of a prior art alloy (AC4CH): 
5 Fig. 1 7 is a graph showing how the degree of superheating of the prior art alloy AZ91 (above the liquidus line) and 
the holding time (from the initial temperature within an insulated vessel to the liquidus temperature) affect the ays- 
tal grain size of the alloy: 

Fig. 1 8 is a graph showing how the degree of superheating of the prior art alloy AC4H (above the liquidus line) and 
the holding time (from the initial temperature within the insulated vessel to the liquidus temperature) affect the ays- 

10 tal grain size of the alloy; 

Fig. 19 is a graph showing how the holding time (from the initial temperature within the insulated vessel to the liq- 
uidus temperature minus S°Q) affects the crystal grain size of the prior art alloy AZ91 ; 
Fig. 20 is a graph showing how the holding time (from the initial temperature within the insulated vessel to the liq- 
uidus temperature minus 5*^0) affects the aystal grain size of the prior art alloy A(34CH; 

15 Fig. 21 is a side view of an apparatus for producing a semisolid forming metal according to an example of the inven- 
tion (as recited in claims U and 15); 

Fig. 22 is a perspective view of a cooling jig as part of the nucleus generating section of the apparatus shown in 
Fig. 21; 

Fig. 23 shows in cross section two types of a cooling jig as part of the nucleus generating section of an apparatus 
20 for producing a semisolid forming metal according to another example of the invention (as recited in claims 14 and 
15); 

Fig. 24 is a sectional side view of a cooling jig as part of the nucleus generating section of an apparatus for produc- 
ing a semisolid forming metal according to yet another example of the invention (as recited in claims 14 and 15); 
Fig. 25 is a plan view showing the general layout of an apparatus for producing a semisolid forming metal according 
25 to another example of the invention (as recited in claims 1 4 and 15); 
Fig. 26 is a longitudinal section A-A of Fig. 25; 
Fig. 27 is a longitudinal section B-B of Fig. 25; 

Fig. 28 is a longitudinal section of an insulated vessel in the examples of the invention (as recited in claims 14 and 
15); 

30 Fig. 29 shows a process flow starting with tiie generation of spherical primary crystals and ending with the molding 
step (as recited in claims 16 and 17); 

Fig. 30 compares two graphs plotting tiie tenrperature changes in the metal being cooled within a vessel during 
step 3 shown in Fig. 29; 

Fig. 31 illustrates four metfiods of managing the temperature within a vessel according to the invention (as recited 
35 in claims 16 and 17); 

Fig. 32 shows a process flow starting with the generation of spherical primary crystals and ending with the molding 
step according to the invention (as recited in claim 18); 

Fig. 33 compares the temperature profiles ttirough two semisolid metals, one being held within a vessel according 
to an exanple of the invention (as recited in claim 1 8) and the other treated by the prior art; 
40 Fig. 34 is a diagrammatic representation of a micrograph showing the metallographic structure of a shaped part 
according to the prior art (for comparison with the invention recited in claim 18); 

Fig. 35 is a diagrammatic representation of a micrograph showing tiie metallographic structure of a shaped part 
according to an example of tiie invention (as recited in claim 18); 

Fig. 36 is a plan view showing the general layout of molding equipment (its first embodiment) according to an exam- 
45 pie of the invention recited in claims 19 - 23; 

Fig. 37 is a plan view of a temperatijre management unit (its first embodiment) according to an example of tiie 
invention recited in claims 19 - 23; 

Fig. 38 is a graph showing the specific positions of temperature measurement witiiin a vessel according to an 
example of tiie invention (as recited in claims 19 * 23); 
50 Fig. 39 is a graph showing the temperature history of cooling witiiin the vessel according to an example of the 
invention (as recited in claims 19 - 23); 

Rg. 40 is a graph showing the tenrperature history of cooling within the vessel according to another example of tiie 
invention (as recited in claims 19 - 23); 

Fig. 41 is a graph showing the temperature history of cooling within the vessel according to anotiier example of the 
55 invention (as recited in claims 19-23); 

Fig. 42 is a longitudinal section of a semisolid metal cooling furnace according to another exanple of tiie invention 
(as recited in claims 19 - 23); 

Fig. 43 is a plan view of a temperature management unit (its second embodiment) according to otiier examples of 
the invention (as recited in daims 19 - 29); 
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Fig. 44 is a longitudinal section A-A of Rg. 43: 

Rg 45 shows the temperature proffles in the vessel fitted with heat insulators according to an example of the inven- 
tion (as recrted in claims 19 - 29) as compared with the temperature profile in the absence of such heat insula ors; 
Rg. 46 is a plan view of a temperature management unit (its third embodiment) according to another example of 
the invention (as recited in claims 19 - 29); . 
Rg. 47 shows schematically the composition of a temperature controller (its first embodiment) for a semisolid metal 
cooling furnace according to an example of the invention (as recited in claims 19 -29); 
Rg. 48 shows schematically the composition of a temperature controller (its second embodiment) for a semisolid 
metal cooling furnace according to another example of the invention (as recited in claims 19-29); 
Rg. 49 is a longitudinal section of a vessel rotating unit according to an example of the inventon (as recited in 

Rg^i a plan view showing the general layout of molding equipment according to an example of the invention 

(as recited in claims 24 - 29); -.uv. h^winn 

Rg. 51 is a longitudinal sectional view showing in detail the position of temperature measurement within the holding 
vessel in the example shown in Rg. 50: 

Rg. 52 is a graph showing the temperature history of cooling within the holding vessel in the example shown in Rg. 

50' 

Rg. 53 is a longitudinal section of a semisolid metal cooiing furnace (equipped with a vessel vibrator) according to 
the third embodiment of the invention recited in claims 24 - 29; 

Rg. 54 shows a process flow starting with the generation of spherical primary crystals and ending with the molding 
step according to the invention (as recited in daim 30); 

Rg. 55 is a diagram showing a process sequence for the semisolid forming of a zinc alloy of a hypoeutectc com- 
position according to the invention (as recited in claim 31 ); 

Rg. 56 is an equilibrium phase diagram for a binary Zn-AI alloy as a typical zinc alloy system according to the inven- 
tion (as recited in claim 31): ^ . u V 

Rg. 57 is a diagrammatic representation of a micrograph showing the metallographic structure of a shaped part 
according to the invention (as recited in claim 31); 

Rg. 58 is a diagrammatic representation of miaograph showing the metallographic structure of a shaped part 
according to the prior art (far comparison with the invention recited in claim 31 ): 

Rg. 59 is a diagram showing a process sequence for the semisolid forming of a hypereutectic Al-Si alloy according 
to an ejample of the invention (as recited in claim 32); 

Rg. 60 shows a process flow starting with the generation of spherical primary crystals and ending with the molding 
step according to the example shown in Rg. 59; • c- en 

Rg 61 shows diagrammatically the metallographic structures obtained in the respective steps shown in Rg. 60; 
Rg. 62 is an equilibrium phase diagram for a binary Al-Si alloy according to another example of the invention (as 

recited in daim 32); ^. ^ ^ i_„u-»-^«ort 

Rg. 63 is a diagrammatic representation of a micrograph showing the metallographic structure of a shaped part 

according to the invention redted in claim 32; , u ^ » 

Rg. 64 is a diagrammatic representation of a micrograph showing the metallographic structure of a shaped part 
according to the prior art (for comparison with the invention recited in claim 31); . ^. ^ . ^ 

Rg 65 is an equilibrium phase diagram for a binary Al-Mg alloy according to the invention (as recited in daim 33; 
Rg. 66 is a diagrammatic representation of a micrograph showing the metallographic structure of a shaped part 
according to an example of the invention (as recited in claim 33): . ^ ^ 

Fig. 67 is a diagrammatic representation of a micrograph showing the metallographic structure of a shaped part 
according to the prior art (for comparison with the invention recited in claim 33) : 

Fig. 68 shows process flow starting with the generation of spherical primary crystals and ending with the molding 
step according to an example of the invention (as recited in claims 34 and35); 

Fig. 69 shows two process sequences for the semisolid forming of a hypoeutectic aluminum alloy according to an 
example of the invention (as recited in daims 36 and 37): 

Fig. 70 shows a process flow starting with the generation of spherical primary crystals and ending with the molding 
step according to the exannple shown in Rg. 69; . c- -7n 

Ro 71 shows diagrammatically the metallographic structures obtained in the respective steps shown in RgJO; 
Fig! 72 is a diagrammatic representation of a micrograph showing the metallographic structure of a shaped part 

according to the example shown in Fig. 69; ^. ^ ^ . u ■ 

Fig. 73 is a diagrammatic representation of a micrograph showing the metalfographic structure of a shaped part 
according to the prior art (for comparison with the invention recited in daims 36 and 37); and 
Rg. 74 shows a process f tow starting with tine generation of spherical primary crystals and ending with the molding 
step according to an example of the invention (as recited in claim 38). 
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Hfi^il ^ Description of the Invention 

pressure formed into a shaped part having a homogeneous miaostructure. 
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An exanple o, the inverrton (as recrted in d.n. 1 - 10) n™. b^^^^^^^^^^ 
n^ng Figs 1-8, In which: Fig. 1 is a diagram showing a process s«iuencefor the "^^^^^^^^^^ 

5 ^SilTth. .h. SI* 0. M precis >«mm » c«rprses: 
T^ecodedm^ten alloy preparedin(1)ispouredJrrtoanins^^^ 

semlconductonwhich vessels are adapted to bee^^^^^ 

According to the invention, semisolid metal forming will proceed Dy ine owi^a «^ h 
the p^ess Shown in Figs. 3 and 4. a complete liquid term o, mete^ "^tnu^^ ^ ayL^^^^^^^^ 
istreatedbyenheroneofme;^^^^^^^^^^^ 

a compositon just below the liquidus line, (a) tne row 'e^^'" nenerate crystal nuclei and the melt is 

is added to promote the generation of crystal r^icleO -s J^J,^ ' « ^0 to generate cn^a 

then poured into a ceramic vessel 30 having a heat '"^f ^"J^f J J^e^ti^^^^^ is direcflTpoured 

just above the me«ingf»intwhich con.a^2 

into the insulated vessel (or a ceram^-coated '"^JJ' JfJ"" ^ meantime, very fine, isotropic dendritic 
(Sjthealloyisheldpartijlym^ten^n^^^^^^^ 

primary crystals result from the introduced crystal ""^'^'j^P^ Z.^^ Metal M thus obtained at a 

fraction solid increases with the decreasing temperatu eoHhe '^f'^.^'^r^^l^^^^^^ pressure formed 
specified fraction liquid is inserted into a die casting injection sleeve 40 [st^(3)-<l and tnereane p 
in a mow «vrty 50a on a die casting machine ^^^^^^^ 

tionartSi:Sr^r3i^r^^^^^^^ 
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crystallized within a temperature range for the semisolid state are not ground into spherical grains by mechanical or 
electromagnetic agitation as in the prior art but the large number of primary crystals that have been crystallized and 
grown from the introduced crystal nuclei with the decreasing temperature in the range for the semisolid state e sphe- 
roidized continuously by the heat of the alloy itself (which may optionally be supplied wHh external heat and held at a 
desired temperature). In addition, the semisolid metal forming method of the invention is very convenient since it does 
not involve the step of partially melting billets by reheating in the thixocasting process. 

The casting, spheroidizing and molding conditions that are respectively set for the steps shown in Fig. 3. namely, 
the step of pouring the molten metal on to the cooling jig 20, the step of generating and spheroidizing primary crystals 
and the forming step, are set forth below more specifically. Also discussed below is the criticality of the numerical limi- 
tations set forth in claims 2 and 7 • 1 0. , •■ on • 

If the casting temperature is at least 300'C higher than the melting point or if the surface temperature of jig 20 is 
not lower than the melting point, the following phenomena will occur; (1 ) only a few crystal nuclei are generated: (2) the 
tenperalure of the melt M as poured into the insulated vessel having a heat insulating effect is higher than the liquidus 
temperature and, hence, the proportion of the remaining crystal nuclei is low enough to produce large pnmary crystals. 

To avoid these problems, the casting tenperature to be employed in the invention is controlled to be such that the 
degree of superheating above the liquidus line is less than SOO-C whereas the surface temperature of jig 20 is control- 
led to be lower than the melting point of alloy M. Primary crystals of an even finer size can be produced by ensuring that 
the degree of superheating above the liquidus line is less than 100""C and by adjusting the surface temperature of jig 20 
to be at least 50«C lower than the melting point of alloy M. The melt M can be contacted with jig 20 by one of two meth- 
ods: the melt M is moved on the surface of jig 20 (the melt is caused to flow down the inclined jig), or the jig moves 
through the melt The "jig" as used herein means any device that provides a cooling action on the melt as it flows down. 
The jig may be replaced by the tubular pipe on a molten metal supply unit. Insulated vessel 30 for holding the melt the 
terrperature of which has dropped to just below the liquidus line shall have a heat insulating effect in order to ensure 
that the primary crystals generated will spheroidize and have the desired fraction liquid after the passage of a specHied 
time The constituent material of the insulated vessel is in no way limited and those which have a heat-retaining property 
and which wet with the melt only poorly are preferred. If a gas-permeaWe ceramic container is to be used as the insu- 
lated vessel 30 for holding magnesium alloys which are prone to oxidize and burn, the extenor to the vessel is preferably 
filled with a specified atmosphere (e.g. an inert or vacuum atmosphere). For presenting oxidation, it is desired that Be 
or Ca is preliminarily added to the molten metel. The shape of the insulated vessel 30 is by no means limited to a tubular 
form and any other shapes that are suitable for the subsequent forming process may be adopted. The molten meta 
need not be poured into the insulated vessel but it may optionally be charged directly into a ceramic injection sleare. If 
the holding time within the insulated vessel 30 is less than 5 seconds, it is not easy to attain the temperature for the 
desired fraction liquid and it is also difficult to generate spherical primary crystals. If the holding time exceeds 60 min- 
utes the spherical primary crystals and eutectic structure generated are so coarse that deterioration in mechanical 
properties will occur. Hence, the holding time wHhin the insulated vessel is controlled to lie between 5 seconds and 60 
minutes. If the fraction liquid in the alloy which is about to be shaped by high-pressure casting processes is less than 
20% the resistance to deformation during the shaping is so high that it is not easy to produce shaped parts of good 
quality. If the fraction liquid exceeds 90%. shaped parts having a homogeneous structure cannot be obtained. There- 
fore as already mentioned, the fraction liquid in the alloy to be shaped is preferably controlled to lie between 20% and 
90% By adjusting the effective fraction liquid to range from 30% to 70%. shaped parts having a more homogeneous 
structure and higher quality can be easily obtained by pressure forming. H, in the case of shaping Al-Si alloy systems 
having a near eutectic conposition, it is necessary to generate eutectic Si within the insulated vessel while reducing the 
fraction liquid to 80% or below. Na or Sr may be added as an Si modifying element and this is advantageous for refining 
the eutectic Si grains, thereby providing improved ductility. The means of pressure forming are in no way limited to high- 
pressure casting processes typified by squeeze casting and die casting and various other methods of pressure forming 
may be adopted, such as extruding and casting operations. 

The constituent material of the jig 20 with which the melt M is to be contacted is not limrted to any particular types 
as long as it is capable of lowering the temperature of the melt. A jig 20 that is made of a highly heat-conductive m«al 
such as copper a copper alloy, aluminum or an aluminum alloy and which is controlled to provide a cooling effect for 
maintaining temperatures below a specified level is particularly preferred since it allows for the generation of many crys- 
tal nuclei In this connection, it should be mentioned that coating the cooling surface of the jig 20 with a nonmetallic 
material is effective for the purpose of ensuring that solid lumps of metal will not adhere to the jig 20 when it is contected 
by the melt M. The coating method may be either mechanical or chemical or physical. 

A semisolid alloy cortaining a large number of crystal nuclei and which has a temperature not higher than the liq- 
uidus line can be obtained by contacting the melt M with the jig 20. If desired, (1) in order to generate more crystal nuclei 
so as to produce a homogeneous structure comprising fine spherical grains or (2) to ensure that a semisolid alloy con- 
taining a larg number of crystal nuclei and which has a temperature not higher than the liquidus line is produced from 
a melt that has been superheated to less than lOO'C above the liquidus line and which is not contacted with any jig. 
various elements may be added to the melt, as exemplified by Ti and B for the case where the melt is an aluminum alloy. 
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and Sr, Si and Ca for the case where the mett is a magnesium alloy. If the Ti addition is less than 0.005%. the intended 
refining effect is not attained; beyond 0.30%, a coarse Ti corrpound will form to cause deterioration in ductility. Hence, 
the 71 addition Is controlled to lie between 0.005% and 0.30%. Boron (B) cooperates with Ti to promote the refining of 
crystal grains but its refining effect is small if the addition is less than 0.001%; on the other hand, the effect of B is sat- 
urated at 0.02% and no further improvement is expected beyond 0.02%. Hence, the B addition is controlled to lie 
between 0.001% and 0.02%. If the Sr addition is less than 0.005%, the intended refining effect is not attained; on the 
other hand, the effect of Sr is saturated at 0.1% and no further improvement is expected beyond 0.1%. Hence, the Sr 
addition is controlled to lie between 0.005% and 0. 1%. If 0.01% - 1 .5% of Si is added in combination with 0.005% * 0.1% 
of Sr. even finer crystal grains will be formed than when Sr is added alona If the Ca addition is less than 0.05%. the 
intended refining effect is not attained; on the other hand, the effect of Ca is saturated at 0.30% and no further inprove- 
ment is expected beyond 0.30%. Hence, the Ca addition is controlled to fie between 0.05% and 0.30%. 

If the fine spherical primary crystals are to be obtained without enplpying jig 20, the degree of superheating above 
the liquidus line Is set to be less than lOO^'C and this is to ensure that the molten alloy poured into the insulated vessel 
30 having a heat insulating effect is brought to either a liquid state having crystal nuclei or a partially solid, partially liquid 
state having crystal nuclei at a temperature not lower than the molding temperature. If the melt poured into the insulated 
vessel 30 is unduly hot. so much time will be taken for the temperature of the melt to decrease to establish a specified 
fraction liquid that the operating efficiency becomes low. Another inconvenience is that the poured melt M is oxidized or 
burnt at the surface. 

Table 1 shows the conditions of various samples of semisolid metal to be shaped, as well as the qualities of shaped 
parts. As shown in Rg. 3, the shaping operation consisted of inserting the semisolid metal into an injection sleeve and 
subsequent forming on a squeeze casting machine. The forming conditions were as follows: pressure. 950 kgf/cm^; 
injection speed. 1.5 m/s; mold cavity dimensions. 100 x 150 x 10; mold temperature, 230''C. 
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tn Comparative Sample 1, the temperature of jig 20 with which the matt M was contacted was so high that the 
number of crystal nuclei generated was insufficient to produce fine spherical primary crystals; instead coarse unspher- 
ical primary crystals formed as shown in Fig. 7. In Comparative Sample 2, the casting teoperature was so high that very 
few crystal nuclei remained within the ceramic vessel 30, yielding the same result as with Comparative Sample 1 . In 
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Comparative Sarrple 3. the holding time was so long that the fraction liquid In the metal to be shaped was low. yielding 
a shaped part of poor appearance. In addition, the size of primary crystals was undesirably large. In Comparative Sam- 
ple 4, the holding time within the ceramic vessel 30 was short whereas the fraction liquid in the metal to be shaped was 
high; hence.only dendritic primary crystals formed. In addition, the high fraction liquid caused many segregations of 
components within the shaped part. With Conparative Sample 5 the insulated vessel 30 was a metallic container hav- 
ing a small heat insulating effect, so the dendritic solidified layer forming on the inner surface of the vessel 30 would 
enter the spherical primary crystals generated in the central part of the vessel, thus yielding an inhomogeneous struc- 
ture involving segregations. In Comparative Sample 6. the fraction liquid in the metal to be shaped was so high that the 
result was the same as with Comparative Sample 4. With Comparative Sample 7. the jig 20 was not used; the starting 
alloy did not contain any grain refiners, so the number of crystal nuclei generated was small enough to yield the same 
result as with Comparative Sample 1 . 

In each of Invention Samples 8 - 17, a homogeneous microstructure comprising fine {<150jim) spherical primary 
crystals was obtained to enable the production of a shaped part having good appearance. 

Example 2 

An example of the invention (as recited in claims 11-13) will now be described in detail with reference to accom- 
panying drawings. As shown in Figs. 9 - 12, the invention recited in claims 1 1 - 13 is such that: 

(1) the melt of a hypoeutectic aluminum alloy of a composition at or above a maximum solubility limit or a magne- 
sium or aluminum alloy of a composition within a maximum solubility limit which are held superheated less than 
300<*C above the liquidus temperature is contacted with a surface of a jig having a lower temperature than the melt- 
ing point of the alloy so as to generate crystal nuclei in the alloy solution which is then poured into an insulated ves- 
sel; or 

(2) the melt of an aluminum or magnesium alloy that is held superheated to less than 1 00°C above the liquidus tem- 
perature is directly poured into an insulated vessel without using any jig, thereby generating crystal nuclei in the liq- 
uid alloy 

Subsequently, the liquid alloy having crystal nuclei that has been superheated by a degree (X°C) of less than lO^C 
above the liquidus temperature is held in the insulated vessel for a period from 5 seconds to 60 minutes as said alloy is 
cooled to a molding temperature that is higher than the eutectic or solidus temperature and where a specified fraction 
liquid is established, such that the cooling to the liquidus temperature of said alloy is completed within a time shorter 
than the time Y (in minutes) calculated by the relation Y=10-X and that the period of cooling from the initial tenrperature 
at which sakJ alloy is held in the insulated vessel to a temperature 5°C lower than the liquidus temperature is not longer 
than 15 minutes, whereby fine spherical primary crystals are crystallized in tiie alloy solution, which is ttien fed into a 
forming mold, where it is shaped under pressure. 

Alternatively, a partially solid, partially liquid alloy (at a tenrperature not lower than a molding temperature higher 
than the eutectic or solidus temperature) is held witiiin the insulated vessel for a period from 5 seconds to 60 minutes 
as it is cooled to the molding temperature where a specified fraction liquid is established, such that the period of cooling 
from the initial terrperature at which said alloy is held within the insulated vessel to a temperature S^'C lower than the 
liquidus temperature of said alloy is not longer than 150 minutes, whereby fine spherical primary crystals are crystal- 
lized in the alloy solution, which is tiien fed into a forming mold, where it is shaped under pressure. 

The specific procedure of semisolid metal forming to be performed in Example 2 is essentially the same as 
described in Exanrple 1 . -c o 

The casting, spheroidizing and molding conditions that are respectively set for the steps shown in see Fig. 3. 
namely, the step of pouring the molten metal on to the ceramic jig 20, the step of generating and spheroidizing primary 
crystals and the forming step, are set forth below more specifically Also discussed below is the criticality of tfie numer- 
ical limitations set fbrtii in claims 11-13. - , ^ ^ ao^- 

If the alloy to be held within the insulated vessel 30 is superheated such that its initial tenrperature is at least 10 C 
above the liquidus line, only unspherical primary crystals of a size off 300^im and larger will form and fine, spherical pn- 
mary crystals cannot be obtained no matter what conditions are used to cool the alloy to the molding temperature where 
a specified fraction liquid is established with a view to introducing crystal nuclei into the melt. To avoid this problem, the 
initial terrperature of the alloy held within the insulated vessel 30 is controlled to be less than 10°C above the liquidus 

''"^ If the alloy to be held within the insulated vessel 30 is superheated such that its initial temperature is less than 10*>C 
above the liquidus line, the alloy must be cooled to the liquidus temperature within a shorter time than the period calcu- 
lated by the relation Y-10-X , where Y is tiie time (in minutes) taken for the alloy tenrperature to drop to the liquidus 
tenperature and X is the degree of supertieating (in °C). Othen*vise, unspherical primary crystals of a size of 300jim 
and larger will form as is the case where ttie degree of superheating is 10«C or more above the liquidus line. T avoid 
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this problem, the alloy is cooled to the liquidus temperature within a shorter time than the period calculated by the rela- 
tion Y=:10-X. 

Even if the alloy is cooled from the initial temperature to the liquidus temperature within a shorter time than the 
period determined by the relation Y=10-X , unspherical primary crystals of a size of SOOjim and larger will form or the 
size of spherical crystals to be obtained tends to be larger than 200^m if the cooling from the initial temperature to the 
temperature S'^C lower than the liquidus temperature is completed within 15 minutes. Therefore, the period of cooling 
from the initial temperature to the temperature 5°C lower than the liquidus temperature should not be longer than 15 
minutes. 

Speaking now of the case where the alloy to be held within the insulated vessel 30 is in a partially solid, partially 
liquid state having an initial tenperature lower than the liquidus temperature, the cooling from the initial temperature to 
the temperature 5*C lower than the liquidus temperature must be completed within 15 minutes; othenwise. unspherical 
primary crystals of a size of 300\im and larger will form or the size of spherical crystals to be obtained tends to be larger 
than 200^m. Therefore, the period of cooling from the initial temperature to the tenperature 5°C lower than the liquidus 
temperature should not be longer than 15 minutes. 

Figs. 15 and 16 show how the holding time affects the crystal grain sizes of AZ91 and AC4CH which respectively 
are typical magnesium and aluminum alloys. The "holding time" is the time for which the metal as poured into the insu- 
lated vessel is held until the molding temperature is reached. The "molding temperature" is a typical value at which 
about 50% fraction liquid is established and it is 570<'C for AZ91 and 585*»C for AC4CH. Obviously, the dependency of 
the crystal grain size on the holding time differs with the alloy type but in both cases the grain size tends to be greater 
than 200nm if the holding time exceeds 60 minutes. On the other hand, primary crystals finer than 200^im are prone to 
occur in the present invention. Rgs. 1 7 and 18 show how the degree by which the AZ91 and AC4CH within the holding 
vessel are supertieated above the liquidus temperature and the holding time from the initial temperature within the insu- 
lated vessel to the liquidus temperature will affect the crystal grain sizes of the respective alloys. 

In the area of each graph where the degree of superheating ("C) and the holding time (min) are below the line con- 
necting two points (10, 0) and (0, 10), fine (<200jim) primary crystals are generated in accordance with the invention 
as shown diagrammatically in Rg. 13. In the area above the line, coarse (>300^m) unspherical primary crystals occur 
as shown diagrammatically in Rg. 1 4. Even finer and more homogeneous primary crystals are obtained under the con- 
ditions for the holding time and the degree of superheating that are represented by area (C) in Fig. 1 7 and 1 8 [the region 
bound by points (0.6). (5,5) and (6.0) in Fig. 1 7 and the region bound by points (0.7), (5,5) and (5,0) in Fig, 18]. Rgs. 19 
and 20 show how the holding time (from the initial temperature within the insulated vessel to the liquidus temperature 
minus 5<*C) affects the crystal grain sizes of AZ91 and AC4CH, respectively Obviously, the crystal grain size increases 
with the holding time and if the latter exceeds 1 5 minutes, there is a marked tendency for the crystal grain size to exceed 
200|im and coarse unspherical primary crystals occur. In the present invention where the holding time is less than 15 
minutes, there is a marked tendency for the primary crystals to be generated in small sizes less than 200\i m. 

Example 3 

An exanple of the invention (as recited in claims 14 and 15) will now be desaibed in detail with reference to the 
accompanying Rgs. 3, 7, 8 and 21 - 28. In which: Fig. 21 is a side view of an apparatus 100 for producing a semisolid 
forming metal; Rg. 22 is a perspective view of a cooling jig 1 as part of the nucleus generating section 12 of the appa- 
ratus 100; Fig. 23 shows in cross section two other cooling jigs I A and IB; Rg. 24 is a sectional side view of another 
cooling jig 1C which is funnel-shaped; Fig. 25 is a plan view showing the general layout of another apparatus 100A for 
producing a semisolid forming metal; Rg. 26 is a longitudinal section A - A of Fig. 25; Rg. 27 is a longitudinal section B 
- B of Fig. 25; Fig. 28 Is a longitudinal section of an insulated vessel 22; Fig. 3 shows a process flow illustrating the 
method of producing a semisolid forming metal; Rg. 7 is a diagrammatic representation of a micrograph showing the 
metallographic structure of a shaped part according to the invention; and Rg. 8 is a diagrammatic representation of a 
micrograph showing the metallographic structure of a shaped part produced by a prior art process in which the molten 
metal is directly poured into the insulated vessel for cooling without passing through the nucleus generating section. 

As shown in Fig. 21. the apparatus 100 for producing semisolid forming metal consists of the nucleus generating 
section 12 and a crystal generating section 18. The nucleus generating section 12 consists of the cooling jig 1 having 
a pair of weirs 2 provided to project from the right and left sides of the top surface of an inclined flat copper plate, stands 
3 for supporting the jig 1 in an inclined position, and cooling pipes 4 (an inlet pipe 42 and a outlet pipe 4b) which are 
connected to a passage through which a cooling medium (usually water) is to be supplied into the cooling jig 1. The 
crystal generating section 1 8 senses to generate fine crystals by ensuring that the molten metal obtained in the nucleus 
generating section 12 Is held as it is cooled to a molding tenperature where it becomes partially solid, partially liquid. 
The crystal generating section 18 is constituted of the insulated vessel 22 which serves as a container of the molten 
metal M pouring down the cooling jig 1 . As shown in Rg. 28. the insulated vessel 22 may optionally be accommodated 
within a metallic container 24 and equipped with a bolted cover plate 25 to ensure rigidity. As will be mentioned herein- 
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after, a pair of hooks 24a made of a rourxJ steel bar are provided to project from tlie lateral side of the metallic container 
24 in order to assure convenience In transport. 

If a flat metallic (6.g. Cu) plate is to be used as the cooling jig 1 . the molten metal can potentially stick to the cooling 
plate; to prevent this problem, it is desirable to reduce the wettability of the plate by applying a nonmetallic (e.g. BN) 
coating material onto its surface. Weirs 2 are provided to control the flow of the molten metal as it descends the top sur- 
face of the cooling jig 1. 

Fig. 23 shows the case where cooling jig 1 A in the form of a cylindrical tube or cooling jig IB in the form of a sem- 
icylindrical tube IB is used as the cooling jig. As in the case of the cooling jig 1 in the form of a flat copper plate, both 
cooling jigs 1 A and 1B are equipped with a cooling medium channel 5 and cooling pipes 4 (inlet pipe 4a and outlet pipe 
4b). 

A funnel-shaped tube may be used as the cooling jig as shown in Fig. 24. The cooling jig 1C may be stationary 
while the molten metal M is poured so that it drips into the underlying insulated vessel 22. Alternatively, in order to pro- 
vide an enhanced cooling effect, the cooling jig 1C may be rotationally journaled on a thrust bearing lb on a pedestal 
1 a such that the molten metal is poured into the jig as it is rotated at slow speed by means of a reduction motor If which 
transmits the rotating power via spur gears 1e and 1d. 

To obtain a semisolid forming metal with the thus constructed apparatus 100. a molten alloy held supertieated to 
less than 300°C above the liquidus temperature is poured on to the upper end of the cooling jig 1 (or 1 A, 1 B or 1C) in 
the nucleus generating section 12 so that the alloy flows down the jig. During the flowing of the alloy, the surface tem- 
perature of the cooling jig 1 is held to be lower than the melting point of the alloy The molten alloy which has f towed 
down the cooling jig 1 (or 1 A. 1 B or 1 C) is gently received by the insulated vessel 22, in which it is held for a period from 
5 seconds to 60 minutes in such a condition that its temperature is not higher than the liquidus temperature but higher 
than the eutectic or solidus temperature, whereby a large number of fine spherical primary crystals are generated to 
ensure that the alloy can be shaped at a specified fraction liquid. 

The specific procedure of semisolid metal forming to be performed in Example 3 is essentially the same as 
described in Example 1 . 

As already mentioned, the holding time within the insulated vessel 22 varies widely from 5 seconds to 60 minutes 
depending on the time taken for the alloy to be cooled to the molding temperature. If the holding time is as long as 10 - 
60 minutes, the productivity is very low on an apparatus in which one nucleus generating section 12 (cooling jig 1) is 
combined with one crystal generating section 18 (insulated vessel 22). 

In order to solve this problem, the present, inventors have devised an apparatus that shortens the interval between 
successive cooling cycles so as to enhance the efficiency of the production of semisolid forming metals. Shown by 
100A in Fig. 25, the apparatus comprises a turntable 60 that is capable of suspending a plurality of insulated vessels 
22 on the circumference and which is free to rotate horizontally about a central shaft 62. Each of the insulated vessels 
22 is accommodated within a metallic container 24 which, as shown in Fig. 28, is f itted with a pair of hooks 24a that are 
each formed of a round steel bar and which are welded to project from the lateral side of the container 24. The turntable 
60 is provided with semicircular cutouts in the circumference that are spaced apart at generally equal intervals and 
which have a greater diameter than the metallic container 24; at the same time, the turntable 60 has as many hook 
receptacles 30a as the insulated vessels 22 and each receptacle 30a is in the form of a semicircular pipe that extends 
horizontally from the circumference of the turntable 60 so that the hooks 24a will rest on the receptacle to suspend the 
metallic container 24 which is integral with the insulated vessel 24 as shown in Fig. 28. 

Each of the insulated vessels 22 suspended on the turntable 60 is charged with the molten metal via the cooling jig 
1 on the left side (see Fig. 25) and caried by the slowly rotating turntable until it reaches the diametrically opposite posi- 
tion (as a result of 1 80* turn) after the passage of a predetermined cooling period. In this diametrically opposite position 
(i.e. on the right side of the turntable), a hydraulic cylinder or other means 26 for vertically moving the insulated vessel 
22 is provided below the position where the insulated vessel is suspended (see Fig. 26). The hydraulic cylinder 26 
serves to push up the bottom of the insulated vessel 22 so that it is transferred to an injection sleeve 40 at the subse- 
quent stage, which is then supplied with the partially solidified metal from within the insulated vessel. 

If the molten metal flowing down the cooling jig 1 is directly poured into the erect insulated vessel 22. air will be 
entrapped to potentially cause casting defects. To avoid this problem, it is desirable to incline the insulated vessel 22 by 
a specified angle such that the molten metal will gently pour into the insulated vessel along its sidewall (see Fig. 27). To 
this end, a hydraulic cylinder or some other depressing means 28 is provided below the cooling jig 1 ; as shown, the 
hydraulic cylinder 28 has a piston rod 28a fitted at the terminal end with a rotataWe depressing plate 28b supported on 
a pin. 

The thus constructed apparatus 100A for producing semisolid forming metals is capable of feeding the molten 
metal into the iryection sleeve by continuous treatment in a plurality of insulated vessels 22 and compared to the appa- 
ratus using a single unit of insulated vessels 22. the intenal between successive cooling cycles is substantially reduced 
to ensure against the drop in productivity. 

Thus, the apparatus 100 and 100 A according to the invention are capable of producing semisolid metals that are 
suitable for use in semisolid forming, that have fin primary crystals dispersed within a liquid phas and that ar free 
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from the contamination by nonmetallic Inclusions. In addition, due to the holding of tfra molter^ metal within the Insulated 
vessel for cooling purposes, the semisolid metal obtained is diff icurt to be oxidized at fhe suirface and has a very uniform 
temperature profile in its interior ; hence, with almost all alloys, there Is no need to use a high-fr«?uency furnace for heat- 
ing molding materials although this has been necessary in the conventional semisofiid forming technology. 

If desired,a robot or a dedicated machine may be used to grip the insulated vessel 22 and when the metal within 
the vessel has attained a specified molding tenperature. it may be Inserted into the mjection s3eeve 40 in a die casting 
machine (which may be a squeeze casting machine), with the top end directed to the side facing the injection tip. such 
as to accomplish semisolid forming. In this way, one can produce castings or high quality that have fine, spherical pri- 
mary crystals as shown in Fig. 7. In fact, howa/er. only coarse dendrites with slightly round corners as shown in Fig. 8 
can be obtained by simply pouring the molten metal into the insulated vessel 22 without passing through the nucleus 
generating section 1 2. The semisolid metals produced with the apparatus of the invemion may be shaped by pressure 
forming methods other than die casting; alternatively, they may be inserted into a sand or metallic mold gently without 
applying pressure. 

In the exanple described above, the flat copper plate having internal cooling means is used as the nucleus gener- 
ating means but this is not the sole case of the invention and any other means may be employed as long as it is capable 
of generating aystal nuclei that will not redlssoive in the liquid phase. As example of this alternative nucleus generating 
means is described below. 

The flat copper plate without weirs 2 may be replaced by the tubular cooling jig 1 A or semicyiindrical cooling jig 1 B 
as shown in Fig. 23. Alternatively, the molten metal may be poured into the conical cooling jig 1 C as It is rotated by drive 
means and after crystal nuclei have been generated in the metal, the latter is withdrawn from the bottom the cooling jig 
1 C to be poured into the insulated vessel 22. The constituent material of the cooling jig 1 is by no means limited to met- 
als and it may be of any type as long as it is capable of cooling the molten alloy within a specified time while producing 
crystal nuclei in the alloy. 

In the example described above, the insulated ceramic vessel is used as the crystal generating means and in a 
practical version of the example, the rotating turntable 60 which is capable of arranging a plurality of insulated vessels 
22 is used. However, this Is not the sole method of arranging and fixing the insulated vessels 22 and they may be line- 
arly or othenwise arranged. To fix the Insulated vessel 22. it may be positioned at a specified site as typically shown in 
Fig, 28. wherein the insulated vessel 22 is placed within the metallic container 24 having a slightly larger inside diameter 
and the bottom of the container 24 is pushed up by the hydraulic cylinder 26 as required. 

In the above description of the Invention, the cooling jig consists of the nucleus generating section and the aystal 
generation section but. If desired, the two steps may be integrated. For instance, the molten metal within the Insulated 
vessel 22 may be treated with the cooling jig and/or a melt surface vibrating jig to ensure that both nuclei and crystals 
will be generated. 

Example 4 

An example of the invention (as recited In claims 16 and 1 7) will now be described with reference to accompanying 
Figs. 1, 2, 4 - 8 and 29 - 31. in which: Fig. 1 is a diagram showing a process sequence for the semisolid forming of a 
hypoeutectic aluminum alloy having a conposition at or above a maximum solubility limit; Fig. 2 is a diagram showing 
a process sequence for the semisolid forming of a magnesium or aluminum alloy having a conposition within a maxi- 
mum solubility limit; Fig. 29 shows a process flow starting with the generation of spherical primary crystals and ending 
with the molding step; Fig. 4 shows diagrammatlcally the metallographic structures obtained in the respective steps 
shown in Fig. 29; Rg. 30 conpares two graphs plotting the temperature changes in the metal bang cooled within a ves- 
sel during step 3 shown in Fig. 29; Fig. 31 Illustrates four methods of managing thetenrperature within a vessel accord- 
ing to the invention; Fig. 5 is an equilibrium phase diagram for an Al-Si alloy as a typical aluminum alloy system; Fig. 6 
is an equilibrium phase diagram for a Mg-AI alloy as a typical magnesium alloy system; Ftg. 7 is a diagrammatic repre- 
sentation of a micrograph showing the metallographic structure of a shaped part according to the invention; and Fig. 8 
is a diagrammatic representation of a micrograph showing the metallographic stajclure of a shaped part according to 
the prior art. . 

As shown in Figs 1 , 2. 5 and 6. the Invention recited in claims 16 and 17 is based on claims 2. 9 and 10 and it is 

such that: 

(1) the melt of a hypoeutectic aluminum alloy of a composition at or above a mawmum solubility limit or the melt of 
a magnesium alloy of a composition within a maximum solubility limit Is held superheated to less than 300*'C above 
the liquidus temperature and then contacted with a surface of the jig 20 having a lower temperature than the melting 
point of either alloy and the resulting alloy is poured into a vessel 30; or 

(2) the melt of an aluminum or magnesium alloy that is held superheated to less than 1 00**C above the liquidus tem- 
perature as it contains an element to promote the generation of crystal nuclei is directly poured into the vessel 30 
without using the jig 20. The vessel 30 of a specHied wall thickness is adapted to be beatable or coolable from either 
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inside or outside, is made of a material having a thermal conductivity of at least 1 .0 kcai/hr • m • (at room tem- 
perature) and is held at a temperature not higher than the liquidus temperature of said alloy prior to ite pouring, and 
the melt is subsequently cooled to a temperature at which a fraction solid appropriate for shaping is established, 
such that while the alloy is poured into the vessel 30, its top and bottom portions are heated by a greater degree 
5 than the middle portion or that the top or bottom portion is heat-retained with a heat-retaining material having a 
thermal conductivity of less than 1 .0 kcal/hr • m • °C or that the top portion of the vessel is heated by a greater 
degree than the middle portion while the bottom portion is heat-retained or that tf^e top portion is heat-reteined 
while the bottom portion is heated by a greater degree than the middle portion, whereby nondendritic fine primary 
crystals are crystallized in the alloy solution while, at the same time, the alloy is cooled at a sufficiently rapid rate to 
provide a uniform temperature profile through the alloy in the vessel 30, with the cooled alloy being subsequently 
supplied into a forming mold 50. where it is pressure formed to a shape. 

Four methods of managing the temperature of the vessel 30 and that of the alloy within the vessel 30 are collec- 
tively shown in Fig. 31, wherein (a) -(d) correspond to the methods of temperature management set forth in claim 17. 

15 TTie wall thickness of the vessel 30 is desirably such that after pouring of the molten metal, no dendritic primary 
crystals will result from the metal in contact with the inner surface of the vessel and yet no solidified layer will remain in 
the vessel at the stage where the semisolid metal has been discharged from within the vessel just before shaping. The 
exact value of the wall thickness of the vessel is appropriately determined in consideration of the alloy type and the 
weight of the alloy in the vessel 30. 

20 The term "fraction solid appropriate for shaping" means a relative proportion of the solid phase which is suitable for 
pressure forming. In high-pressure casting operations such as die casting and squeeze casting, the fraction solid 
ranges from 10% to 80%. preferably from 30% to 70%, If the fraction solid is more than 70%, the formability of the raw 
material is poor; below 30%, the raw material is so soft that it is not only difficult to handle but also less likely to produce 
a homogeneous structure. In extruding and forging operations, tiie fraction solid ranges from 30% to 99.9%, preferably 

25 from 50% to 99.9%; if the fraction solid is less than 50%, an inhomogeneous structure can potentially occur. 

The "temperature not higher tiian the liquidus temperature" means such a temperature that even if tiie temperature 
of the metal within tiie vessel is rapidly lowered to the level equal to the molding temperature, no dendritic primary crys- 
tals will result from the melt in contact witti the inner surface of the vessel and yet no solidified layer wilt remain in tiie 
vessel at the stage where the semisolid metal is discharged from within the vessel just before shaping. The exact value 

30 Of the temperature not higher tiian the liquidus temperature" varies with tiie alloy type and tiie weight of the alloy witiiin 
the vessel. 

The "vessel" as used in tiie invention is a metallic or nonmetallic vessel, or a metallic vessel having a surface 
coated witii nonmetallic materials or semiconductors, or a metallic vessel compounded of nonmetallic materials or sem- 
iconductors. Coating the surface of the metallic vessel with a nonmetallic material is effective in preventing the sticking 
35 of the metal. To heat the vessel, its interior or exterior may be heated witii an electric heater; alternatively, induction 
heating with high-frequency waves may be employed if the vessel is electrically conductive. 

The specific procedure of semisolid metal forming to be performed in Example 4 is essentially tiie same as 
desaibed in Example 1. 

Vessel 30 is used to hold the molten metal until it is cooled to a specified fraction solid after its temperature has 

40 dropped just below the liquidus line. If the tiiermal conductivity of tiie vessel 30 is less tiian 1 .0 kcal/hr • m • '^C at room 
terrperature, it has such a good heat insulating effect that an unduly prolonged time will be required for tiie molten metal 
M in tiie vessel 30 to be cooled to the temperature where a specified fraction solid is established, ttiereby reducing the 
operational efficiency In addition, the generated spherical primary crystals become coarse to deteriorate ttie formability 
of the alloy It should, however, be mentioned ttiat if the vessel contains a comparatively small quantity of the melt, tiie 

45 holding time necessary to achieve the intended cooling becomes short even if ttie thermal conductivity of ttie vessel is 
less ttian 1.0 kcal/hr • m • 'C at room tenrperature. If tiie temperature of tiie vessel 30 is higher than the liquidus tem- 
perature, the molten metal M as poured into the vessel is higher than tiie liquidus temperature, so ttiat only a few crystal 
nuclei will remain in the liquid phase to produce large primary crystals. If tiie top and bottom portions of tfie vessel are 
neither heated nor heat-retained as the molten metal M is cooled until the fraction solid in the metal reaches tiie value 

50 appropriate for shaping, dendritic primary crystals may occur at tiie site in the top or bottom portion of tiie vessel tfiat 
is contacted by the metal M or a solidified layer will grow at that site, thereby creating a nonuniform temperature profile 
through the metal in the vessel which makes tiie subsequent shaping operation difficult to accomplish on account of ttie 
remaining solidified layer wittiin the vessel. To avoid ttiese difficulties, it is preferred to heat the top or bottom portion of 
the vessel by a greater degree tiian tiie middle portion while tiie bottom or top portion is heat-retained during ttie cooling 

55 process after ttie pouring of ttie metal; if necessary, ttie top or bottom portion of ttie vessel may be heated not only dur- 
ing ttie cooling process following ttie pouring of the metal but also prior to its pouring and ttiis is another prefen-ed prac- 
tice in ttie invention. 

The constituent material of ttie vessel 30 is in no way limited except on ttie ttiermal conductivity and ttiose which 
are poorly wetlaWe with ttie molten metal are prefen-ed. 
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Table 2 shows the conditions of various samples of semisolid metal to be shaped, as well as the qualities of shaped 
parts. As shown in Fig. 29, the shaping operation consisted of inserting the semisolid metal into an injection sleeve and 
subsequent forming on a squeeze casting machine. The forming conditions were as follows: pressure. 950 kgf/cnfr^; 
injection speed, 1 .0 m/s; casting weight Oncluding ttscuits). 30 kg; mold temperature, 230*»C. 



Heating or Heat-retalnlng 
1 of the holding vessel 


1 Lower 




1 No 


No 

' trpatmPTit 


No 


1 4- 

1 1 

' +" 
1 (C 

) a 
J2 ^ 


+- 

c 

i 

1 (C 

) a 
1 o u 
' as -t-* 


No 


Heated 


Heated 


Heated 


Heated 


Heat- 


Heat- 


Heated 


Heated 


Middle 


+- 
C 

a 

E 

a: 
o u 

25 -H 


No 

treatment 


d 

E 
(0 

<u 

O (hi 


+- 

c 

OJ 
B 
+J 

Cd 

OJ 

j2 ^ 


No 

treatment 


No 


g 

E 

*^ 
03 
03 

0 


g 
(d 


No 

treatment 


a 

E 

+J 

(d 
o u 


No 

treatment 


C 

1 

cd 
a; 
o u 

SB 4-" 


No 

treatment 


No 

treatment 


Upper 
Dart 


No 

treatment 


1 No 
treatment 


No 

treatment 


No 

treatment 


No 

treatment 


No 

treatment 


Heat- 
retained 


Heat- 
retained 


Heat- 
retained 


Heated 


Heat- 
retained 


Heated 


Heat- 
retained 


Heat- 
retained 


erature 
he holding 
el *1 


Lower 
part 


o 
o 

iH 


o 
o 

CO 


o 
o 

r-t 


in 

CM 


o 
o 

tH 


o 
o 
^ 


o 

m 

CM 


o 
o 
in 


o 
o 

CM 


o 

in 

CM 


o 
o 

CO 


o 

o 

CM 


o 
o 

CM 


o 
o 

C*D 


Middle 


o 
o 

rH 


o 
o 

rH 


O 

o 
1-t 


in 

CM 


O 

o 

rH 


o 
o 

tH 


o 
o 

rH 


o 
o 
^ 


o 
o 

rH 


o 
in 

CM 


o 
o 

CM 


O 

o 

CM 


o 
o 

rH 


O 

o 

CM 


Temp 
of t 
vess 


1 Upper 
part 


O 

o 

1-H 


o 
o 

CM 


o 
o 


in 

CM 


O 
O 


o 
o 

rH 


O 

o 

CM 


o 
o 
in 


O 

o 

CM 


o 
in 

CM 


o 
o 

CO 


o 
o 

CM 


O 

o 

CM 


o 
o 

CO 


Thermal con- 
ductivity of 
holding 
, vessel 
(kcal/hr»m*t;) 


CO 

d 


CO 

o 












^ 














Temper- 
i ature 

of the 
i cooling 

IlK a) 


in 


in 

CM 


in 

CM 


in 

CM 


in 

CM 


in 

CM 

CO 


m 

CM 


in 

CM 


in 

CM 


in 

CM 


in 

CM 


lO 
CM 




in 

CM 


Cool- 
ing 
Jig 


Used 


Used 


i Used 


Used 


Used 


Used 


Used 


Used 


Cfl 

p 


Used 


Used 


Used 


Not 

used 1 


Used , 


Casting 
temper- 
ature 
(t) 


o 


o 


o 

CO 


o 

CO 


o 
in 
a» 


o 

CO 


o 

CO 


o 

CO 


o 
to 


o 

CO 


o 

CO 


o 

CO 
CO 


o 

CO 


o 

CO 


Alloy 


AC4CH 


AC4CH 


AC4CH 


1 AC4CH 


AC4CH 


AC4CH 


AC4CH 


AC4CH 


AC4CH 


AC4CH 


AC4CH 


AC4CH 


AC4CH 


AC4CH 


No. 




CM 


CO 




in 


CO 




CO 




o 


r-t 


CM 


CO 






Compara- 
tive 
Sample 


Inven- 
tion 
Sample 



18 



EP0 745 694A1 



«tJ 
tfi o 

I 

•* 4- 
4-* 0 

o 

§« 
■g-g 

o t! 
u cd 

0) 



I 



g 



04 
0) 

El 



*0 fc< -W Q 

•H 'O 0) J3 en 
- •.^ CO o 



I 

+j 0) 

-H (0 O 0) 
CO C 



d g M V 

d 9 Q) a ^ 

o > 

-I 



J3 

o to ao 



Is 



COTJ 

tn <D 

US d) 



X O 



(0 

u 
o 
c 

■8 



o o 



I 

o _ 

CM 

2 =5 
c 

IS CO 
4^ CO 

(Dx: 

•rt 

(0 

to Tj 

tn a 
« c 

H U 




^1 



ooooooo 



5 
33 



cnco 



oooooooo 



<ooooooo 



g 



ifi in 

f-H CT) 

CO ir> 



CL a 



oo 

I I 

is 



CO 
O 

o 



ff) 

§ 



0) 

+j X 0) 
•H (0 (0 

* 2 

O CO 

^ ^ ..X 
to 
c 



h CO CO 

5 -i 



CO 0) 



S< o o in S^.Q 

H-i -H (0 h d 

© v v w 

u o o»-^ (0 © - 

o to td © v to^ 

m u u tn tn \J 

mMH(M CO >»>> 
^ Q) U C 

aede > o § 

o CO B 

S*" 

0) o Q u ^ 
x 9 3 _ >»t3 

+j V O'H -H,C 
to (0 .C (t) -H 4-* 

IW U +J O ®-H 
O O 03 -H C 7 

0) ffa o § S)u 

3 VM CO Oi a >i 
+-> to CO o to 

'H Jd •1 TJ 

e ^ ^ -H o fci -H 
0) o OXJ s*w 

^ 3 5-^ 

^ o E':H 
ffH cMco (0 a -H o 
♦ * * :r<coco 



In Comparative Sample 1 , the thermal corKluctivity of the holding vessel was small and, in addition, the vessel was 
heated or heat-retained inappropriately after th pouring of th metal so that th holding tim toth shaping t mp ra- 
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ture was unduly long; what is more, the formation of a solidified layer within the vessel prevented the discharge of the 
semisolid metal, thus making it impossible to perform shaping. In Comparative Sample 2. the thermal conductivity of 
the holding vessel was so small that the holding time to the shaping tenrperature was unduly prolonged. In Conparative 
Sample 3, the holding vessel was heated or heat-retained inappropriately after the pouring of the metal so that a solid- 
ified layer formed within the vessel to prevent the discharge of the semisolid metal, thus making it impossible to start 
the shaping step. In Comparative Sanpie 4, the wall thickness of the holding vessel was unduly great and, in addition, 
the vessel was heated or heat-retained inappropriately after the pouring of the metal so that unspherical primary crys- 
tals were generated; what is more, the formation of a solidified layer within the vessel prevented the discharge of the 
semisolid metal, thus making it impossible to perform shaping. In Comparative Sample 5. the casting temperature was 
so high that very few crystal nuclei remained within the vessel to yieki only coarse unspherical primary crystals as 
shown in Fig. 8. In Comparative Sample 6, the cooling jig had such a high temperature that the number of crystal nuclei 
formed was insufficient to produce fine spherical primary crystals and, instead, only coarse unspherical primary grains 
formed as in Comparative Sample 5. In Comparative Sample 7, the fraction solid in the metal was so small that many 
segregations occurred within the shaped part. 

In Invention Samples 8 - 14, the metal in the vessel 30 was rapidly cooled with its temperature profile being main- 
tained sufficiently uniform that semisolid metals having nondendritic fine primary crystals were produced in a conven- 
ient and easy way. Such alloys were then fed into a forming mold and pressure formed to produce shaped parts of a 
homogeneous structure having fine (<200^m) spherical primary crystals. 

Example 5 

An exannple of the invention (as recited in daim 18) will now be described with reference to the accompanying Rgs. 
4, 9, 1 0 and 32 - 35, in which: Fig. 9 is a diagram showing a process sequence for the semisolid forming of hypoeutectic 
aluminum alloys having a composition at or above a maximum solubility limit; Fig. 10 is a diagram showing a process 
sequence for the semisolid forming of magnesium or aluminum alloys having a corrposition within a maximum solubility 
limit; Fig. 32 shows a process flow starting with the generation of spherical primary crystals and ending with the moWing 
step; Fig. 4 shows diagrammatically the metallographic structures obtained in the respective steps shown in Fig. 32; 
Fig. 33 compares the tenperature profiles through two semisolid metals, one being held within a vessel in step (3) 
shown in Fig. 32 and the other being treated by the prior art without using any outer vessel; Fig. 34 is a diagrammatic 
representation of a micrograph showing the metallographic structure of a shaped part according to the prior art; and 
Fig. 35 is a diagrammatic representation of a micrograph showing the metallographic structure of a shaped part accord- 
ing to the invention. 

As shown in Figs. 9, 10 and 32. the invention recited in claim 18 is such that the melt of a hypoeutectic aluminum 
alloy of a conposition at or above a maximum solubility limit or the melt of a magnesium or aluminum alloy of a conpo- 
sition within a maximum solitoility limit is held superheated to less than SOO^C above the liquidus temperature, con- 
tacted with a sur^ce of the jig 20 at a lower temperature than the melting point of either alloy, and poured into a hokting 
vessel 29 of a specified wall thickness that is made of a material having a thermal conductivity of at least 1 .0 
kcal/hr • m • °C (at room temperature) and that is preliminarily held at a tenperature not higher than tiie liquidus tem- 
perature of either alloy, and tiie melt is subsequentiy cooled, vm'tii a heat insulating lid 32 placed on top of the homing 
vessel, down to a tenperature at which a fraction solkj appropriate for shaping is established, characterized In that dur- 
ing tiie cooling of tiie alloy, the outer surface of said holding vessel is heated or heat-retained witii an outer vessel 31 
capable of accommodating said holding vessel, whereby nondendritic fine spherical primary crystals are crystallized in 
the alloy witiiin said hokJing vessel while the cooling rate is controlled to be rapid enough to provide a uniform tenper- 
ature profile through the alloy in said hokling vessel no later than tiie start of tiie forming step and, thereafter, tiie cooled 
alloy is fed into a mold where it is subjected to pressure forming. 

The wall thickness of tiie holding vessel 29 is desirably such tfiat after pouring of tiie molten metal, no dendritic pri- 
mary crystals will result from the metal in contact with tiie inner surface of the vessel and yet no solidified layer will 
remain in the vessel at tiie stage where the semisolid metal has been discharged from within the vessel just before 
shaping. The exact value of the wall tiiickness of the vessel is appropriately determined in consideration of the alloy type 
and the weight of tiie alloy in the holding vessel 29. 

The term "fraction solid appropriate for shaping'means a relative proportion of the solkj phase which is suitable for 
pressure forming. In high-pressure casting operations such as die casting and squeeze casting, the fraction solid 
ranges from 10% to 80%, preferably from 30% to 70%. If the fraction solid is more than 70%. the formability of the raw 
material is poor; below 30%, the raw material is so soft tiiat it is not only diff cutt to handle but also less likely to produce 
a homogeneous structure. In extruding and forging operations, tiie fraction solkj ranges from 30% to 99.9%, preferably 
from 50% to 99.9%; if the fraction solid is less tiian 50%. an inhomogeneous structure can potentially occur. 

TTie "temperature not higher than tiie Tiqukjus temperature" means such a temperature that even if tii temperature 
of the alloy within tiie holding vessel is rapklly lowered to the level equal to the molding temperature, no dendritic pri- 
mary crystals will result from the melt in contact with the inner surtoce of tiie holding vessel and yet no solidified layer 
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will remain in the vessel at the stage where the semisolid alloy has been discharged from within the vessel just before 
shaping. The "temperature not higher than the liquidus terrperature" is also such that the alloy containing crystal nuclei 
can be poured into the holding vessel 29 without losing the crystal nuclei. The exact value of this temperature differs 
with the alloy type and the weight of the alloy within the holding vessel. 

TTie "holding vessel" as used in the invention Is a metallic or nonmetallic vessel, or a metallic vessel having a sur- 
face coated with nonmetallic materials or semiconductors, or a metallic vessel compounded of nonmetallic materials or 
semiconductore. Coating the surface of the metallic vessel with a nonmetallic material is effective in preventing the 
sticking of the metal. 

The "outer vessel" as used in the invention serves to ensure that the alloy in the holding vessel will be cooled within 
a specified time. To this end. the outer vessel, must have the ability to cool the, holding vessel 29 rapidly in addition to 
a capability for heat-retaining or heating said vessel. To meet this requirement, the temperature of the outer vessel 31 
should be lowered to the level equal to the molding tenrperature within a specified time. 

In order to provide a more uniform temperature profile through the alloy within the holding vessel 29, the outer ves- 
sel 31 may be provided with a temperature profile by, for example, heating the top and bottom portions of the outer ves- 
sel 31 in a high-frequency heating furnace by a greater degree than the middle portion. In the case where the outer 
vessel 31 starts to be heated before the holding vessel 29 is inserted and continues to be heated until after its insertion, 
the heating of the outer vessel 31 may be inten-upted temporarily if it is necessary for adjusting the temperature of the 
alloy within the holding vessel 29. 

The inside diameter of the outer vessel 31 is made sufficiently larger than the outside diameter of the holding vessel 
29 to provide a clearance between the outer vessel 31 and the holding vessel 29 accomnrxxJated in it. To insure the 
clearance, a plurality of projections are provided along the outer circumference of the holding vessel 29 and/or the inner 
circumference of the outer vessel 31. Alternatively, the clearance may be insured by replacing the projections with 
recesses formed in either the outer circunrrference of the holding vessel or the inner circumference of the outer vessel. 

■me gap between the holding vessel 29 and the outer vessel 31 is typically filled with air but various other gases 
may be substituted such as inert gases. cartx)n dioxide and SFe. 

According to the invention, semisolid metal forming will proceed by the following specific procedure. In step (1) of 
the process shown n Figs. 32 and 4, a complete liquid form of metal M is contained in a ladle 10. In step (2), the low- 
terrperature melt (which may optionally contain an element that is added to promote the generation of crystal nuclei) is 
cooled with a jig 20 to generate crystal nuclei; in step (3)-0, the melt is poured into a vessel 30 that is preliminarily held 
at a specified tenperature not higher than the liquidus temperature, thereby yielding an alloy containing a large number 
of crystal nuclei at a temperature either just below or above the liquidus line. 

Alternatively, the cooling jig 20 may be dispensed with and the low-temperature melt of a composition just above 
the melting point and which contains an element added to promote the generation of a fine structure may be directly 
poured into the holding vessel 29 which is preliminarily maintained at a temperature not higher than the liquidus tem- 
perature. 

In subsequent step (3), the holding vessel 29 is accommodated within the outer vessel 31 lined with a heat insulator 
33 on the bottom and then fitted with a lid. Thereafter, the alloy in the holding vessel is held in a semisolid condition with 
its temperature being lowered, whereby fine particulate (nondendritic) primary crystals are generated from the intro- 
duced crystal nuclei. In order to ensure that the temperature in the holding vessel 29 is lowered under the tenperature 
conditions specified in Figs. 9 and 1 0. the outer vessel 31 is temperature managed such as by internal or external heat- 
ing or by induction heating, with the heating being performed only before or after the insertion of the holding vessel 29 
or for a continued period starting prior to the insertion of the holding vessel and ending after its insertion. 

Metal M thus obtained at a specified fraction solid is inserted into a die casting injection sleeve 70 and thereafter 
pressure formed within a mold cavity 50a on a die casting machine to produce a shaped part. 

The casting, spheroidizing and molding conditions that are respectively set for the steps shown in (see Fig. 9). 
namely, the step of pouring the molten metal on to the cooling jig, the step of generating and spheroidizing primary ays- 
tals and the forming step, are set forth below more specifically Also discussed below is the criticaltty of the numerical 
limitations set forth in claim 18. 

The holding vessel 29 is used to hold the molten metal until it is cooled to a specified fraction solid after its temper- 
ature has dropped just below the liquidus line. If the thermal conductivity of the vessel 29 is less than 1 .0 kcal/hr • m • °C 
(at room temperature), it has such a good heat insulating effect that an unduly prolonged time is required for the molten 
metal M in the hoWing vessel 29 to be cooled to the temperature where a specified fraction solid is established, thereby 
reducing the operational efficiency. In addition, the generated spherical primary aystals become coarse to deteriorate 
the fbrmability of the alloy. 

It should, however, be mentioned that if the holding vessel contains a comparatively small quantity of the melt, the 
holding time necessary to achieve the intended cooling becomes short even if th thermal conductivity of the vessel is 
less than 1 .0 kcal/hr • m • '•C at room temperature. If the temperature of the holding vessel 29 is higher than the liquidus 
tenperature. the molten metal M as poured into the vessel is higher than the liquidus line, so that only a few crystal 
nuclei will remain in the liquid phase to produce large primary crystals. In order to endure a more uniform tenrperature 
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profile through the alloy within the holding vessel 29 by means of the outer vessel 31 while the molten metal M is cooled 
to a tenperature where the fraction solid appropriate for shaping is established, either one of the following conditions 
should be satisfied: the top of the holding vessel 29 should be fitted with a lid; an adequate clearance should be pro- 
vided between the holding vessel 29 and the outer vessel 31 : a heat insulator should be provided in the area where the 
5 bottom of the holding vessel 29 contacts the outer vessel 31 : or projections or recesses should be provided on either 
the holding vessel 29 or the outer vessel 31 . 

In the example under discussion, the aystal nuclei were generated by the method of the invention recited in claims 
2, 9 and 10. 

Table 3 shows the conditions of the holding vessel, the alloy within the holding vessel, and the outer vessel, as well 
10 as the qualities of shaped parts. As shown in Fig. 32, the shaping operation consisted of inserting the semisolid metal 
into an injection sleeve and subsequent forming on a squeeze casting machine. The forming conditions were as follows: 
pressure, 950 kgf/cm^; injection speed; 1 .Om/s; casting weight (including biscuits), 2 kg; mold temperature. 250°C. 
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With Comparative Samples 10 and 1 1 which did not use the outer vessel, the temperature of the alloy within the 
holding vessel dropped so rapidly that fine primary crystals formed but, on the other hand, the temperature profile 
through the semisolid alloy in the holding vessel was poor as shown in the graph on left side of Fig. 33. With Compar- 
ative Sample 12, the semisolid metal holding time within the holding vessel was sufficiently long to provide a good tem- 
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perature profile through the metal in the holding vessel but. on the other hand, unduly large primary crystals formed. 
With Comparative Sample 13. the casting temperature was so high that the alloy as poured into the holding vessel 
acquired a sufficiently high temperature to either substantially preclude the generation of crystal nuclei or cause rapid 
disappearance of crystal nuclei, thereby yielding unduly large primary crystals. With Comparative Sample 14. the trac- 
tion liquid in the semisolid metal was high whereas the holding time was short, thereby providing only a poor tempera- 
ture profile through the semisolid alloy within the holding vessel. 

In Invention Samples 1 - 9, the metal in the vessel was rapidly cooled with its temperature profile being maintained 
sufficiently uniform that semisolid metals having nondendritic fine primary crystals were produced in a convenient and 
easy way. Such alloys were then fed into a mold and pressure formed to produce shaped parts of a homogeneous 
structure having fine (<200^m) spherical primary crystals. 

Example 6 

Exanples of the invention (as recited In daims 19-23) will now be described in detail with reference to accompa- 
nying drawings 36 - 49 and 53. in which: Fig. 36 is a plan view showing the general layout of molding equipment (its first 
embodiment) according to an example of the invention: Fig. 37 is a plan view of a temperature management unit (its 
first embodiment) according to the exarrple of the invention; Fig. 38 is a graph showing the specific positions of tem- 
perature measurement within a vessel according to an example of the invention: Rgs. 39. 40 and 41 are graphs show- 
ing the tetrperature history of cooling within the vessel under different conditions; Fig. 42 is a longitudinal secton of a 
semisolid metal cooling furnace according to another example of the invention; Fig. 43.is a plan view of a temperature 
management unit (its second embodiment) according to yet another example of the invention :Fig.44 is a longitudinal 
section A - A of Fig.43; Fig. 45 shows the temperature profiles in the vessel fitted with heat insulators according to an 
example of the invention; Fig. 46 is a plan view of a temperature management unit (its third embodiment according to 
another example of the invention; Fig. 47 shows schematically the composition of a temperature controller for a semi- 
solid metal cooling furnace (its first embodiment) according to an example of the invention: Fig. 48 shows schematicaNy 
the composition of a temperature controller (its second embodiment) for a semisolid metal cooling furnace according to 
another example of the invention:Rg.49 is a longitudinal section of a vessel rotating unit according to an example of the 
invention; and Fig. 53 is a longitudinal section of a semisolid metal cooling furnace as it is equipped with a vessel vibra- 
tor according to another example of the invention. . ^ ^ HAt^,t^^ 

As Fig.36 shows, the molding equipment generally indicated by 300 consists of a melt holding fumace l4«or feed- 
ing the molten metal as a molding material (containing a large number of crystal nuclei), a molding machine 200. ana 
a temperature management unit 104 for managing the temperature of the melt until it is fed to the molding machine 200. 
The molten metal held within the furnace 14 contains a large number of crystal nuclei. 

As also shown in Rg.36. the temperature management unit 104 consists of a semisolid metal cooling secton 10 
and a vessel teirperature control section 140; the semisolid metal cooling section 1 1 0 is composed of a semisolid mefel 
cooling furnace 120 and a semisolid metal slowly cooling furnace 130 which are connected in a generally rectarigular 
arrangement by means of a transport mechanism such as a conveyor 1 70 whereas the vessel temperature control sec- 
tion 140 is composed of a vessel cooling furnace 150 and a vessel heat-retaining fumace 160. The temperature nran- 
agement unit 104 is also equipped with a robot 180 which grips the vessel 102 and transports it to one of the speafied 
positions A- F(tobe described below). „ h«=.«nn 

The temperature management unit 104 is operated as follows. An empty vessel 102 is first located in ttie heatng 
vessel pickup position A. The robot 180 then transfers the vessel 102 to the position B. where the vessel is charged with 
a prescribed amount of the molten metal from the melt holding furnace 14. Thereafter, the robot 180 transporte the ves- 
sel 102 to the filled vessel rest position C; subsequently, the vessel is cooled as it is carried by the conveyor 170 to pa^ 
through the semisolid metal cooling furnace 120 in a specified period of time. The vessel 102 leaving the ^rnace 120 
reaches the slurry vessel rest position D. from which it is immediately transferred to the sleeve positon E by the robot 
1 80 if the injection sleeve 202 in the molding machine 200 is ready to accept the molten metal; at position E. the slurry 
ofsemisolid metal in the vessel is poured into the injection sleeve 202. If the injection sleeve 202 is not ready to accept- 
themolten metal whenthe vessel 102 has reached the slurry vessel rest posHion D (i.e.. if the molding machine is oper- 
ating to perform pressure forming), the slurry of semisolid metal wrthin the vessel will progressively solidify upon cooling 
while it is waiting for acceptance in the position D. thereby maWng it impossible for all the slurry to be discharged from 
the vessel or the crystal nuclei in the slurry will disappear to cause deterioration in the quality of the shafwd part, in 
order to avoid these problems, the vessel 102 is forwarded to the semisolid metal slowly cooling furnace 130.where it 
waits for the molding machine 200 to become completely ready lor the acceptance of the molten metal while ensunng 
against its rapid cooling. . . ^ 

The vessel 102 from which the slurry of semisolid metal having satisfactory properties has been emptiedirrto the 
injection sleeve 202 is then transferred to the empty vessel rest position F by means of the robot 180. carried by the 
conveyor 170 into the vessel cooling furnace 150. where it is cooled for a specified time, passed through the vessel 
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heat-retaining furnace 160 as it is held at a suitable temperature, and is thereafter returned to the heating vessel pick 

Ts^fc embodiment of the temperature management unH 104 is shown in Fig^37. In thisfirst en*odim^^^^ 
minum alloys are to be treated at a comparatively small scale with the molten ^^^^^^ 
more than 0 kg: the system configuration is such that the molding cycle on the moWmg machine 200 « aboirt TO s^^ 
o^ls arKi the Se of passage through the semisolid metal cooling furnace 1 20 and the vessel temperatjre controller 
;S (i ? ~nSng S^e vessel <^oling furnace 150 and the vessel heat-retaining furnace 160^ .s 600 seconds -n 
(Jal If tf.e total parage time is longer than 600 seconds, the overall equipment becomes .mpracbcally bulky «k1 the 
iSme of ri"^ process whiS, results from machine troubles and which has to discarded .s .^^^^^^ 
these are by no means preferred or the purpose of constructing commeraal producbon fadites ^^^^^^^ 
Sa-^in^rdertoacffeve consistent temperature managementforasmallquanWydd^^ 
Ke vessel 102 is made of an AIA 'SiOz composite having a small thermal conductvity (0.3 kcalrtir-m- C). As a 
rilt a lrry (J semisolid metal having ^tisfactory properties can be obtained if only the te^erature of the vessel 

102 is retained by circulation of hot air the temperature of which is set at a constant "^^^^^Jl^'^. . „ 
The system sha^i in Fig. 37hasthefollowing differences from the system of Rg.36.S.ncettev^^^^^ 

of the AlaOa • SiOg composite, it has a sufficiently small thermal conductivity that one only n^ supply tje -rt^-or of 
rsemiLl«metalcoo^gfurnace120(whlchissetatatempera1ureof200-C)wJ 

start temperature from a hot air generating furnace 122. In addition, one only need equip the se'TJsol.dmetel ^wrty 
c«,lng!?™ce130(wWchissetatatemperatureof550'C)andthev^elheat<^^^ 

a tenperature of 100-C) with heaters 132 and 162. respectively.With these provisions, the 'e'^^^";^ '"j^^^ 
1(22^. be managed correctiytoensure that slurries of semisolid metal having satsfactoryprcv^^^ 

in a SorUime while assuring farily consistent temperature management. "Rie temperature in the vessel « optma^ 

70oSelrr,hatt^^ 

must be effected in the vessel cooling furnace 150: othen«ise. the temperature in «^ "^^^^ 
high Todeal with this problem, the vessel cooling furnace150 is fitted withablower 152 andablcwnozzle152a such 

that a fast air flow is blown at room temperature to achieve forced cooling. ^^^^ ihPrmocouDle was 

For system assessmert on the managemert of the temperature in the vessel 102 a 
set UD in the vessel and temperature data were taken under various condHions. Fig. 38 shows frvedrfferent posAons 
(a! oI te^Trature measurement in the vessel 102. irto which the 1.0- mm thick sheathed thermocouple was 

'""'fSs shows the temperature history of cooling under condition I. i. e.. the vessel t^'^'^^llf^.^J"' 

was nS^ dMded into the vessel cooling furnace 1 50 and the vessel heat-reta.n.ng '"/"f ^J,^,^'!^^^^^^^ 

the target temperature of 70°C was circulated within the monolithic vessel temperature controlsertion 140 at a velocrty 

Of aSSJt 5 nTc. Wrth this approach, the tenperature in the vessel dropped to only about 200 'C which was far from 

'''Rj.11)^Jc^thetemperature history of cooling under ^^^^ 

was circulated at a higher velocity of about 30 m/sec. TWs approach was effectn^e m further reducing the temperature 
irthe vessel but not to the desired level of TCC. ,<.,4..^««4.„omnfrni section 140 

Fig 41 shows the terrperature history of cooling under condition III. i. e. . the vessel temperatore cor*ol secbon 1 40 
was divKfed into the veSi cooling furnace 150 and the vessel heat-retaining Jirnace ^^-J^J" ^^J^^^^^:^, 
temperature being circulated within the cooling furnace 150 at a velocrty of 30 mjec '^^^J.^'^^'^^^ 
ves^l heat-retaining furnace 160 had its temperature raised to 70-C by means of a" e^<= J«f " ""'^ 
this system that the tenperature in the vessel could be managed to be stable at the intended 70 

K in the case of treating aluminum alloys at a large scale, the vessel 1 02 is made of ceramics having 'hernral con 
duct^ ie^^^f^morethanl kca^.hr.'C. the timetocool the Slurry of semisolid m^^^ 

Therefore, in the second embodiment of the temperature management unit 104 which '^'f!!'^'^^'^^^^ 

atively large volumes of aluminum alloys such that the morten alloy is poured in an amo^^ 

ro2lsmaSe of SUS304(seeFig.43) rather than theceramics which are used wrth the^^^^ 

and which requireaprotonged cooling time. The resulting differences between the first embo^ 

manaaemert unit 1 04 (Fia.37) and the second embodimert are as follows. 4_j„.m.= 

Tn :rto eLre^srU recovery of the slurry from the vessel 102. ite irjner surfec^ ^e to b^ <»atod Jj^a 

water-soluble (which is desirable for ensuring against gas evolutton) spray of a lubncant and. to the end. a spray 

S^re^urment is provided between L vessel cooling furnace 150 and the v^el ''ea^.a^;"'^^^^^ 

A^rtingly ttie vessel 102 emerging from the vessel cooling furnace 150 must be ^ei^at a sufficiert tenpera ure 

^SSair;brthedeposrtionofthUraysolution:tomeetthisrequiremerth^^ 

sethroughaWow nozzle. As the result of the application of thewater-soluble spray, je^^^^^ 

Snperaturedrop In order to ensure that th vessel 1 02 has a uniform temperature of 200 'C throughout a hot air flow 

aTS^C Is cSlaJ^ within the vessel heat-retaining furnace 1 60 while it is agitated by a rotating fan to ensure uni- 

formrty in the temperature of the vessel 102. 
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The vessel 102 which is made of SUS304 allows thermal diffusion through it. so even if the semisolid metal cooling 
furnace 120 is of the design shown in Rg.42, no sharp border line can be drawn between the high-temperature range 
of the vessel (consisting of its top and bottom portions) and the low-temperature range (the middle portion of the ves- 
sel). To deal with this problem, a preheating furnace 190 is provided as accessory equipment on a lateral side of the 

5 semisolid metal cooling furnace 1 20 and, as shown in Fig.44. a lid 1 02a made of a ceramic material (AI2O3 • Si02 com- 
posite) and a plinth 1 02b are used to heat-retain the top and bottom of the vessel 1 02 while it is heated in the preheating 
furnace 190 before it is charged into the semisolid metal cooling furnace 120. 

The interior of the semisolid metal cooling furnace 120 is supplied with hot air from the hot air generating furnace 
via two sets of blow nozzles 124. one being in the upper position and the other in the lower position. The supplied hot 

w air is circulated within the cooling furmcQ 1 20 with its tenperatureand \/B\QQtf being 220°C and 5 m/sec at the entrance 
and 180 °C and 20 m/sec at the exit, whereby the semisolid metal is cooled conparatively slowly in the initial cooling 
period but cooled rapidly in the latter period. 

Thus, the present invention provides a method of tenperature management in which the step of managing the tem- 
perature in the vessel 102 at an appropriate level before it is supplied with the molten metal is distinctly separated from 

15 the step of managing the temperature in the vessel 102 in such a way that the as poured molten metal can be cooled 
at a desired appropriate rate; the invention also provides the apparatus for temperature management 104 which is 
capable of automatic performance of these steps in an efficient and continuous manner. Also proposed by the invention 
is a system configuration that implements the respective steps by means of the vessel temperature control section 1 40 
and the semisolid metal cooling section 1 10. 

20 In a specific embodiment, the vessel temperature control section 140 is composed of the vessel cooling furnace 
150 capable of forced cooling with a circulating hot air flow that provides an appropriate cooling capacity by controlling 
the temperature and velocity of the air passing through the furnace and the vessel heat-retaining furnace 160 which 
controls the temperature of the atmosphere to lie at the target value in the vessel 102 and which maintains the vessel 
102 at said temperature of the atmosphere. It should be noted here that the temperature to which the vessel cooling 

25 furnace 1 50 and the vessel heat-retaining furnace 160 should be controlled differs between aluminum and magnesium 
alloys. In the case of aluminum alloys, the interior of the vessel cooling furnace 150 is controlled to lie between room 
temperature arx) 300 ""C whereas the interior of the vessel heat-retaining furnace 160 is controlled to lie between 50 ^'C 
and 350 **C; in the case of magnesium alloys, the interior of the vessel cooling furnace 150 is controlled to lie between 
room temperature and 350**C whereas the interior of the vessel heat-retaining furnace 160 is controlled to lie between 

30 200 X and 450 °C. 

TTie semisolid metal cooling section 1 10 is conposed of the semisolid metal cooling furnace 120 which Is adapted 
to circulate hot air at an appropriate temperature such as to accomplish cooling within the shortest possible time that 
produces the slurry of semisolid metal with satisfactory properties and the semisolid metal slowly cooling furnace 130 
which is designed to maintain the slurry of semisolid metal for 2 - 5 minutes in a temperature range appropriate for 

35 shaping such as to be adaptive for the specific molding cycle on the molding machine 200. Again, the temperature to 
which the semisolid metal cooling furnace 120 should be controlled differs between aluminum and magnesium alloys. 
In the case of aluminum alloys, the temperature should be controlled to lie between 150 ''C and 350 and in the case 
of magnesium alloys, the tenperature shouW be controlled to lie between 200 *C and 450 *'C. On the other hand, the 
interior of the semisolid metal slowly cooling furnace 130 should be controlled to be at 500 *'C and above in both cases. 

40 If the injection sleeve 202 on the molding machine 200 is ready to accept the molten metal just at time when the 
vessel 1 02 holding the metal has left the semisolid metal cooling furnace 1 20. the metal is immediately fed (poured) into 
the nrrolding machine 200 without being directed into the semisolid metal slowly cooling furnace 130. Conversely, if the 
injection sleeve 202 is not ready to accept the molten metal since the molding machine 200 is operating, the vessel 102 
leaving the semisolid metal cooling furnace 120 is transferred to the semisolid metal slowly cooling furnace 130. 

45 As shown in Figs.37 and 42. the semisolid metal cooling furnace 120 has the vessel 102 carried on the conveyor 
1 70 via a heat insulating plate 1 20c and the inner surfaces on the sidewall of the furnace 1 20 is partitioned by an upper 
and a lower heat insulating plate 120b in the middle portion of its height, with hot air (set at an appropriate tenperature 
of 120°C) being circulated through the partitioned area to establish a low-temperature region; at the same time, the 
inner surfaces of both top and bottom portions of the furnace 120 are heated with electric heaters 120a (set at a tem- 

50 perature of 500°C) to establish a high-temperature (ca. 500 °C) region, thereby ensuring that a uniform tenperature is 
provided throughout the molten metal in the vessel 102. 

A first version of the heating system in the semisolid metal cooling furnace 120 according to the invention is such 
that either the temperature or the velocity of the circulating hot air is controlled to vary appropriately with the lapse of 
time or. alternatively, both the tenperature and the velocity of the hot air are controlled to vary simultaneously with the 

55 lapse of time. 

The first specific embodiment of the heating system is as shown in Fig.47 and comprises a hot air line for supplying 
a hot air flow into the semisolid metal cooling furnace 120, an air line from which an air flow at ordinary tenperature 
emerges to connbine with the hot air to lower Its temperature, a damper for controlling the quantity of the air flowing 
through the air line, and a damper opening controller. 
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The second specific embodiment of the heating system is as shown in Fig.48 and comprises a temperature sensor 
installed within the semisolid metal cooling furnace 120, a hot air line for supplying a hot air flow into the furnace, an air 
line that comljines with the hot air line, an automatic damper installed on the air line, and a damper opening controller 
that performs feed back control on the damper opening on the basis of the data obtained by measurement with the tem- 
perature sensor. The opening of the automatic damper is controlled on the basis of the data for the temperature in the 
furnace and the hot air is mixed with an appropriate amount of air and fed into the furnace, whereby the temperature 
and the velocity of the circulating hot air are controlled such that the molten metal will be cooled at a desired rate. 

Example 7 

An example of the invention (as recited in claims 24 - 29) will now be described specifically with reference to 
accompanying Rgs. 43 - 53. in which: Fig.50 is a plan view showing the general layout of molding equipment; Rg. 43 
is a plan view of the temperature management unit (its first embodiment); Rg.51 is a longitudinal sectional view showing 
in detail the position of temperature measurement within the holding vessel; Rg. 52 is a graph showing the tenrperature 
history of cooling within the holding vessel; Fig. 44 is a longitudinal section A - A of Fig.43; Fig.46 is a plan view of the 
temperature management unit (its second embodiment) according to another example of the invention; Rg. 45 shows 
the temperature profiles in the vessel fitted with heat insulators as compared with the temperature profile in tiie absence 
of such heat insulators; Fig.47 shows schematically the composition of the temperature control unit (its first embodi- 
ment) for a semisolid metal cooling furnace; Rg.48 shows schematically the composition of the terrperature contrai unit 
(its second embodiment) for a semisolid metal cooling furnace according to another example of the invention; Fig.49 is 
a longitudinal section of the semisolid metal cooling furnace according to the second embodiment in which it is 
equipped with a vessel rotating mechanism; and Fig.53 is a longitudinal section of the semisolid metal cooling furnace 
according to the third embodiment in which it is equipped with a vessel vibrating mechanism. 

As shown in Fig.50, the molding equipment generally indicated by 104 consists of a melt holding furnace 10 for 
feeding the molten metal as a molding material, a molding machine 200 and a temperature management unit 100 for 
managing the temperature of the melt until it is fed to the molding machine 200. 

As also shown in Rg.50, the temperature management unit generally indicated by 1 04 consists of a semisolid metal 
cooling section 1 10 and a vessel temperature control section 140; the semisolid metal cooling section 1 10 is composed 
of a semisolid metal cooling furnace 120 and a semisolid metal slowly cooling furnace 130 which are connected in a 
generally rectangular arrangement by means of a transport mechanism such as a conveyor 170 whereas the vessel 
temperature control section 140 is composed of a vessel cooling furnace 150 and a vessel heat-retaining vessel 160. 
The temperature management unit 100 is also equipped with a robot 180 which grips the vessel 102 and transports it 
to one of the specified positions A - F (to be described below). The vessel 102 moves in the direction of arrows. 

In the first embodiment of the temperature management unit 104. the preheating furnace 190 is provided near and 
parallel to the semisolid metal cooling furnace as shown in Rgs.43 and 44. The purpose of the preheating furnace 190 
is to ensure that both the plinth 102b placed under the melt containing vessel 102 and the lid 102a placed on top of the 
vessel 102 are preliminarily heated to a higher temperature than the hot air to be passed through the semisolid metal 
cooling furnace 120 such that uniformity will be assured for the temperature of the melt within the vessel as it is cooled 
in the semisolid metal cooling furnace 120. To this end, both the lid 102a and the plinth 102b which are earned on the 
conveyor 170 will be heated by the hot air being injected through the blow nozzle 192 as they move together with the 
conveyor 170 (see Fig. 44). 

The temperature management unit 104 is operated as follows. An empty vessel 102 is first located in the heating 
vessel pickup position A. The robot 1 80 then transfers the vessel 1 02 to the position B. where the vessel is charged with 
a prescribed amount of the molten metal from the melt holding furnace 10 (which holds the molten metal containing a 
large number of crystal nuclei). Thereafter, the robot 180 transports the vessel 102 to the filled vessel rest position C, 
where it is placed on the plinth 102b and has its top covered with the lid 102a (both the lid 102a and the plinth 102b are 
preliminarily heated with the preheater 190); subsequently, the vessel is cooled as it is carried by the conveyor 170 to 
pass through the semisolid metal cooling furnace 1 20 in a specified period of time. The vessel 1 02 leaving the furnace 
120 reaches the slun-y vessel rest position D. from which it is immediately transfenred to the sleeve position E by the 
robot 180 if the injection sleeve 202 in the molding machine 200 is ready to accept the molten metal; at position E, the 
slurry of semisolid metal in the vessel is poured into the injection sleeve 202. tf the injection sleeve 202 is not ready to 
accept the molten metal when the vessel 202 has reached the slun-y vessel rest position D (i. e., if the molding machine 
is operating to perform pressure forming), the slurry of semisolid metal within the vessel will progressively solidify upon 
cooling while it is waiting for acceptance in position D, tiiereby making it inpossible for all the slun-y to be discharged 
from the vesselor the crystal nuclei in the slurry will disappear to cause deterioration in the quality of the shaped part. 
In order to avoid these problems, the vessel 1 02 is fonwarded to the semisolid metal slowly cooling furnace 1 30. where 
it waits for tiie molding machine 200 to become completely ready for the acceptance of the molten metal while ensuring 
against its rapid cooling. 
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The vessel 102 froo, which the slurry of semisolki metal having satisfactory P'**^;;'^^^^^^-^'^^^^ Je 
injection sleeve 202 is then transferred to the enpty vessel res. petition F ^y^^^^^''^ '^^^^'^^ ^^^^ 

=r.rc:r^sra^St^^^^^^ 

least 20 kg- the system configuration is such that the molding cyde on the moWmg '^°'^'"fj°° J!.^^^ .^^^ 
If the total passage time Is longer than 600 seconds, the overall equipment becomes 

J^eZiyin f^ocess which results from machine troubles and which has to ^ discarded is increased and these are 
by no means preferred for the purpose of constructing commercial f^*^"*"" ^ have been 

To satisfy these cyde conditions and yet to produce slurnes of good properties, detaite of me ^^^"^^ 
detem,iSl as foltows'suS304 was adopted as ttie constituent materel of '^^^X^' o'^,^'^^^,^,^^^ 
small^e operation with the motten metal being poured in an amou^^^ non^re t^an » J^l^f^^^^^^^^^ 

rseu^:?i^s=^~^^^ 

of thevessel requires an unduly prolonged time to cool ttieslurry, resulting in thefailure to satisfy the cydetimerequ 

"'Trtorsl smooth recovery of the slurry f.m the vessel 102, f '"ner^jfa^e.^^^^^^^^^^ 
water-soluble (which is desirable for ensuring against gas solution) spray of a lubricant and. th s ena a spray pes' 
S w^prcSied between the vessel cooling furnace 1 50 and the vessel ^^^■'^^'^Z't'^l^l^^^C- 2^ 
Tme^^g f rom the vessel cooling furnace 1 50 had to be cooled within 5 mim.^ f S^c^^J^^^^^ agS 
•C) ttiat would allow for effective deposition of the spray; to meet this requirement, hot air at 1 00 C was appiieo ag 

i j«°irj^ and ,02, M -:sr^„:^r:^^'^^ 

comoosite) were heated at 350 ^'C before they were set up on the vessel 102. this ^^'^^"Sf 

ing furnace 160 and optimal temperature management J «as *iefly intended for the 

The second embodiment of the temperature management unit 100 shown in ^^ J^j'^ ^"^ ^ j^^. 

treatrem of magnesium alloys. As typically shown in Fig^49. the t^^^'J^^^ ^cTer^St 

120A by manipulation of the robot 180. 
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TT,us thesemisolid metal ooolingfurnace 120 accordingtothefirstembodimentsh^^^ 

„ .IL^iiS *roZ the slurrv in the vessel. Under the circumstances, the semisolid metal coohng furnace IM for han 
and the semisolid metal cooling section 110. rnmoosed of the vessel cooling furnace 
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room tenperature and SSCC whereas the interior of the vessel heat-retaining vessel 160 is controlled to lie between 
200 "C and 450 "C. 

The semisolid metal cooling section 1 10 is coirposed of the semisolid metal cooling furnace 120 which is adapted 
to circulate hot air at an appropriate temperature such as to accomplish cooling within the shortest possible tme tmt 
produces the slurry of semisolid metal with satisfactory properties and the semisolid metal slowly cooling furnace 130 
which is designed to maintain the slurry f semisolid metel lor 2 - 5 minutes in a temperature range appropriate for 
shaping such as to be adaptive for the specHic molding cycle on the molding machine 200. Again, the temperature to 
which the semisolid metal cooling furnace 120 should be controlled differs between aluminum and nragnreium alloys, 
in the case ofaluminum alloys, the temperature should be controlled to lie between 1 50 'C and 350 'C and the c^e 
of magnesium alloys, the temperature should be controlled to lie between 200 "C and 450 'C. On the other hand, the 
interior of the semisolid metal slowly cooling furnace 130 should be controlled to be at 500 'C and above in both cases. 

If the injection sleeve 202 on the molding machine 200 Is ready to accept the molten metal just at ttie tme when 
the vessel 102 holding the metal has left the semisolid metal cooling furnace 120. the metal is immediately fed (poured) 
into the molding machine 200 without being directed into the semisolid metal slowly cooling furnace 130. Corwerseiy, i 
the injection sleeve 202 is not ready to accept the molten metal since the molding machine 200 is operating, the vessel 
102 leaving the semisolid metal cooling 120 is transfen-ed to the sen^solid metal annealing furnace 130. 

A first version of the heating system in the semisolid metal cooling furnace 120 according to the invention is such 
that either the temperature or the velocity of the circulating hot air is controlled to vary appropriately with the lapse of 
time or, alternatively, both the temperafcire and the velocity of the hot air are controlled to vary simultaneously with ttie 

'^ThlSspedfic embodiment of the heating system (furnace temperature control unit 120Z) is as shown in Fig.47 
and comprises a hot air line for supplying a hot air flow into the semisolid metal cooling furnace 120. an air line from 
which an air flow at ordinary temperature emerges to combine with the hot air to lower its temperature, a damper for 
conti-olling the quantity of the air flowing through the air line, and a danper opening controller. 

The second specific embodiment of the heating system (furnace temperature control unit 120Z) is as shown in 
Rg 48 and comprises a temperature sensor installed within the semisolid metal cooling furnace 120. a hot air line for 
supplying a hot air flow into the furnace, an air line that combines with the hot air line, an automatic damper installed on 
the air line, and a damper opening contioller that performs feedback control on the damper opening on tiie b^e of he 
data obtained by measurement with the temperature sensor. The opening of the automatic damper is controlled on the 
basis of the data for the temperature in the furnace and the hot air is mixed with an aPP''<Vnate amourrt of ar and ed 
into the furnace, whereby the temperature and ttie velocity of ttie circulating hot air are controlled such ttiat ttie molten 
metal will be cooled at a desired rate. 



Example 8 

An example of ttie invention (as recited in claim 30) will now be described specifically with reference to accomfa- 
nving drawings. The example was implemented by the same mettiod as in Example 1 . except ttiat Fig.3 was replaced 
by Fig 54 and the top surface of the insulated vessel 30 (or 30A) was fitted with a heat insulating lid 42 (or a ceramics 
coat«l metallic lid 42A). Thus. Rgs.1. 2. 54 and 4 - 7 concern Example 8. in which: Fig.1 is a diagram showing a proc- 
ess sequence for ttie semisolid fomiing of a hypoeutectic aluminum alloy having a composition at or above a maximum 
solubility limit: Fig.2 is adiagram showing a process sequence tor ttie semisolid forming of a "^fl"^""" 
alloy having a composition wittiin amaximum solubility limit; Fig. 54 shows a process flow starting wrth ttie generation 
of ierical primary crystals and ending wrth the molding step: Fig.4 shows diagrammatically ttie metatiographic struc- 
tures obtained in ttie respective steps shown in Fig.54; Fig.5 is an equilibrium phase diagram for an Al-S. a"oy^a top- 
ical aluminum alloy system; Fig.6 is an equilibrium phase diagram tor a Mg-AI alloy as a typical magn^ium alKy 
system; Fig.7 is a diagrammatic representation of a micrograph showing the metallographic structure of a shaped part 
according to ttie invention: and Rg.8 is a diagrammatic representation of a micrograph showing ttie metallographic 
sti-ucture of a shaped according to ttie prior art. . ^ ^ ^ ■ i^i^,. ii„ 

The insulated vessel 30 for holding the molten metal ttie temperature of which has dropped to lust below ttie liq- 
uidus line shall have a heat insulating effect in order to ensure that the primary crystals generated will sphwoidize and 
have the desired fraction liquid after the passage of a specified time. Problems, however, will occur in certain cases, 
such as where near-eutectic Al-Si alloys and others ttiat are prone to form skins are to be held, or where ttie molten 
metal is so heavy ttiat rt has to be held in a semisolid condrtion for more than 10 minutes, or where the height to d am- 
eter ratio of the insulated vessel 30 exceeds 1:2. Alttiough. there is no problem witti ttie irrternal "^"^'^f^^ 
molten metal, a solidified layer is prone to grow on ttie surface of ttie melt and can potentially cover ttie top o' ^e sem- 
isolid metal, thus, making rt drfficult to insert ttie metal into ttie injection sleeve 40. To deal wrth ttiis sitiJaton tt,e top of 
the insulated vessel 30 is f rtted witti the heat insulating lid 42 in order to ensure against solidification from tti surlace 
of ttie moKen metal which is being held wittiin the insulated vessel 30. thereby enabling ttie metal to be cooled while 
providing uniformrty in temperature ttiroughout ttie metal. 
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The constituent material cf the insulated vessel 30 and the heat-insulating lid 42 is in no way limited to metals and 
those which have a heat-retaining property and which yet wet with the melt only poorly are preferred. If a gas-permea- 
ble ceramic vessel is to be used as the insulated vessel 30 and the heat-insulating lid 42 tor holding magnesium alloys 
which are easy to oxidize and burn, the exterior to the vessel is preferably filled with a specified atmosphere (e. g. an 
inert or vacuum atmosphere). For preventing oxidation, it is desired that Be or Ca is preliminarily added to the molten 
metal. The shape of the insulated vessel 30 and the heat-insulating lid 42 is by no means limited to a tubular or cylin- 
drical form and any other shapes that are suitable for the subsequent forming process maybe adopted. The molten 
metal need not be poured into the insulated vessel 30 but it may optionally be charged directly into the ceramic injection 
sleeve 40. 

Table 4 shows how the presence or absence of the heat insulating lid 42 affected the procedure of making shaped 
parts. Comparative Samples 19-22 refer to the case of holding the molten metal without the insulating lid. In Compar- 
ative Sample 19, the insulated vessel 30 held the melt of an alloy that was prone to form a skin and, hence, a solidified 
layer formed over the semisolid metal, making it impossible to recover the metal from the vessel 30. In Comparative 
Sample 20, it was attempted to have the semisolid metal inserted into the injection sleeve with the molding temperature 
lowered; in Comparative Sample 22. the metal was unduly heavy. 

Hence, in both cases, the holding time was prolonged and the result was substantially the same as with Compara- 
tive Sample 1 shown in Table 1 . In Comparative Sample 21 , tiie height-to-diameter ratio of tiie insulated vessel 30 was 
greater than 1 :2 and, hence, the temperature profile through tiie semisolid metal was so poor that the result was sub- 
stantially the same as with Comparative Sample 1 shown in Table 1 . 

Invention Samples 23 • 26 refer to tiie case of using the insulated vessel 30 fitted with tiie heat-insulating lid 42; 
they showed better results tiian Comparative Samples 19 - 22 in the recovery of the semisolid metal. 
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Example 9 

An example of the invention (as recited in claim 31 ) will now be described with reference to accompanying Figs.3. 
4 and 55 - 58, in which: Fig. 55 is a diagram showing a process sequence for the semisolid forming of a zinc alloy of a 
5 hypoeutectic composition; Fig.3 shows a process flow starting with the generation of spherical primary crystals and 
ending with the molding step; Fig.4 shows diagrammatically the metallographic structures obtained in the respective 
steps shown in Fig.3; Fig. 56 is an equilibrium phase diagram for a binary Zn-Al alloy as a typical zinc alloy system; 
Fig.57 is adiagrammatic representation of a micrograph showing the metallographic structure of a shaped part accord- 
ing to the invention; and Fig.SS is a diagrammatic representation of a micrograph showing the metallographic structure 
10 of a shaped part according to the prior art. 

As shown in Figs.55 and 56, the first step of the process according to tiie invention comprises: 

(1) holding the melt of a hypoeutectic zinc alloy superheated to less than 300°C above the liquidus temperature and 
contacting the melt witii a sur^ce of a jig at a bower temperature tiian its melting point so as to generate aystal 

IS nuclei; or alternatively, 

(2) holding the melt of a zinc alloy superheated to less tiian 100''C above the liquidus tenrperature. 

The cooled molten alloy prepared in (1) is poured into an insulated vessel having a heat insulating effect and, in tiie 
case of (2), the melt is directiy poured into the insulated vessel without being cooled with a jig. The melt is held within 
20 the insulated vessel for a period from 5 seconds to 60 minutes at a temperature not higher than the liquidus temperature 
but higher than the eutectic or solidus tenperature. whereby a large nuniser of fine spherical primary crystals are gen- 
erated in the alloy which is then shaped at aspecrfied liquid fraction. 

The term "a specified fraction liquid** means a relative proportion of the liquid phase which is suitable for pressure 
forming. In high-pressure casting operations such as die casting and squeeze casting, the fraction liquid ranges from 
25 20 % to 90 %, preferably from 30 % to 70 %. If the fraction liquid is less tiian 30 %, tiie formabilrty of the raw material is 
poor; above 70 %, tiie raw material is so soft tiiat it is not only difficult to handle but also less likely to produce a homo- 
geneous micro-structure. In extruding and forging operations, tiie fraction liquid ranges from 0.1 % to 70 %. preferably 
from 0. 1 % to 50 %, beyond which an inhomogeneous structure can potentially occur. 

The "insulated vessel** as used in the invention is a metallic or nonmetallic vessel, or a metallic vessel having a sur- 
30 face coated with a nonmetallic materia! or a semiconductor, or a metallic vessel compounded of a nonmetallic material 
or semiconductor, which vessels are adapted to be either heatable or coolable from either inside or outside. 

The specific procedure of semisolid metal forming to be erfbrmed in Example 9 is essentially tiie same as 
described in Example 1. 

The casting, spheroidizing and molding conditions that are respectively set for the steps shown in Fig.3. namely, 

35 the step of pouring tiie molten metal on to tiie cooling jig 20. the step of generating and spheroidizing primary crystals 
and the forming step are the same as set forth in Example 1 . The criticality of the numerical limitations set forth in claims 
2and 9 is also the same as set forth in Example 1 . 

It should be noted here that zinc alloys are prone to form equiaxed crystals and, hence, provide conparative ease 
inproducing fine spherical primary aystals witiiout using tiie cooling jig 20. Witii such zinc alloys, tiie degree of super- 

40 heating is adjusted to less than 100 °C above the liquidus line in order to ensure that the alloy poured into the insulated 
vessel 30 having a heat-insulating effect is rendered either liquid to have crystal nuclei or partially solid, partially liquid 
to have crystal nuclei at a temperature equal to or higher than the molding tenperature. If tiie temperature of the melt 
as poured into the insulated vessel 30 is unduly high, the aystal nuclei once generated will dissolve again or coarse 
primary crystals will form and, in either case, it is inrpossible to produce tiie desired semisolid structure. In addition, so 

45 much time will be taken for tiie temperature of the melt to decrease to establish a specified fraction liquid that the oper- 
ating efficiency becomes low. Another inconvenience is that the poured melt M is oxidized or burnt at the surfece. 

Table 5 shows tiie conditions of various samples of semisolid metal to be shaped, as well as the qualities of shaped 
parts. As shown in Fig. 3, tiie shaping operation consisted of inserting tiie semisolid metal into an injection 
sleeve and subsequent forming on a squeeze casting machine. The forming conditions were as follows: pressure, 950 

so kgf/cm^ ; injection speed, 1 .0 m/s; moW temperature, 200 *C.The product shaped parts were flat plates 100 mm wide 
and 200 mm long, with tiie thickness varying at 2 mm, 5 mm and 10 mm in tiie longitudinal direction. 
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In Comparative Sample 9, the temperature of jig 20 with which the melt M was contacted was so high that the 
number of crystal nuclei generated was insuff ict nt to produce fin spherical primary crystals; instead, coarse unspher- 
ical primary crystals formed. In Comparative Sample 10. the casting temperature was so high that very few crystal 
nuclei remained within the ceramic vessel 30, yielding the same result as with Comparative Sample 9. In Conrparative 
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Sample 1 1 . the holding time was so long that the fraction liquid in the metal to be shaped was '<«';.y'e'^ng a shaped 
part of poor appearanceJnadditionJhe size of primary aystalswasundesirably large, in Coo^ 

EoSing'Sme wL the ceramic vessel 30 was short whereas the fraction lk,uid in the mete^ '^^^^f J^^^l': 

hence, many segregations of components occurred within the Shaped part as shown .n Fig.^^^^ 

pie 13. the iLlated vessel 30 was a metallic container having a very small heat .nsulatng effect. 8^^ 

Hied layer forming on the inner surface of the vessel 30 would enter the spherical primary crystals generated in the 

central part of the vessel, yielding an inhomogeneous structure involving segregations. 

in each of Invention Sanples 1 - 8. a homogeneous microstructure comprising fine (< 200 m m) sphencal pnmary 
crystal was obtained to enable the production of a shaped part having good appearance. 

Example 10 

An example of the invention (as recited in claim 32) will now be described with reference to accom^ying Figs.59 
- 64 in which: Fig. 59 is a diagram showing a processsequence for the semisolid forming of ^ hVPereutertc AhSi alhv 
sterii^i wrtS the preparation cJ a semisolW metal and ending wi^^ 

ess starting with the generation of very fine primary Si crystals and ending with the '^y^'^^^^'^^f^ 
Sgrammatic^ly the metallographic structures obtained in the respective steps shown in Fig.SO; F.g.62 an ^""'^ 
S^ase diagram forabinlyAl-Sialtoy; Fig. 63 isadiagrammaticrepresemationofamicrogr^^^^^ 
allographic structure of a shaped part according to the invention; and Fig.64 is a diagrammatc representaton of a 
micrograph showing the metallograpWc structure of a shaped part according to the pnor art. ... ^ g, 
As shown in Figs 59 and 62. the process of the invention starts with superheating the meH of a hypereutectic Al-Si 
alloy to less than 300°C above the liquWus line. The thus superheated alloy is contacted with a jig at lower tempera- 
tulan«gpcintsoas.ogen;atecryst^ nuclei w 

vessel until a spedf^ fraction liquid is established, with H being held either at a temperature between the liquidus and 
eutel Jen^Sures or at the aitectic temperature for a period from 5 seconds to 60 minute^ tliereby generatng a 
large numbT of fine primary aystals. The hypereutectic Al-Si alloy permits only a small amount of P-Tiy^S^^teto 
be crystallized and, hence, it has high fraction liquid in a semisolid condition at temperatures exceeding the eijecte 
point Therefore, if the desired fraction liquid is low, the alloy which has been heated to its eutecbc temperature has to 
be held at that temperature for a sufficient time to allow for the progress of solidification (eutectic rMcbon . 

According to the invention, semisolid metal forming will proceed by the following specrf ic P;«=f "J!;,'" f J'j^j °* 
the process shown in Figs. 60 and 61 . a complete liquid form of metal M is contained in a ladle 10. '"^^ (^^); J« "J *' 
alls cooled with a jig 20 to generate crystal nuclei and the melt is then poured into a ceramic vessel 30 (or ce am.cs- 
SatS^Ss^30A) having; heat insulating effect so as to produce an alloy having a large number of crystelnude, 
^ich is ofacomposition just below the Mdus line, insubsequent step (3). the alloy«he^ 
Lteted vessel 30 (or 30A). In the meantime, very-fine primary Si crystals resutt from the introduced crystal nuclei 
[step (3)-a] and grow into granules together with the surrounding primary a as the fracton solid increases. 

Meial M thus obtained at a specHied fraction liquid maybe inserted into a die castng injection sl^e 40 Jep^ - 
bl and thereafter pressure formed within a mold cavity 50a in a die casting machine to produce a shaped part (step (4)]. 
^ s^SliS forming process of the invention shown in Figs. 59. 60 and 61 has obvious dje;enc« frorn 
the conventional thixocasting and rheocasting methods. In the invention method, the primary crystals th«t h»re be^^^^ 
crystdlized within a temperature range for the semisolW state are not ground into spheri^l 9ra.nsby m^^^^ 
elSromagnetic agitation as in the prior art but the large number of primary crystals that have been crystallized and 
grSZ t?e in^oduced cryst^ nuclei ^ the decreasing temperaturein the range for the sernsdd ^ate and w^ 
The lapse of the time of holding at the eutectic point are continuously rendered granular by the ^^^f » ^'^'^^^^ 
(^JiicTn^yoptiooallybe supplied v^the)<ternal heat and hew atadesiredtemperature). in a^^^^^ 
Sg mithod of the inventon very convenient since it does not im«,lve ttie step of partially melting billets by reheat- 

't:ZTZr.^ and mokting conditions that are respectively set for the st^sshown in Fig.^m^y. 
the step of pourirKi ti,e molten metal on to the cooling jig 20 and the step of generating and ^P^'^'^'^'^^S P""*^^^^ " 
tals. are setforth below more specifically Also discussed below is the criticality of the numerical limrtatwns set forth in 

'"^Tf the casting temperature is at least 300 -C higher than the melting point or if the surface temperature of jig 20 is 
not lower than the melting point, the following phenomena will occur: 

(1) only a few CTystel nuclei are generated; io w^h^r than 

2 the temperature of ttie melt M as poured into the insulated vessel having a heat insulating eHect is iNgher than 
the Iquidus temperature and. hence, the proportion of the remaining crystal nuclei is low enough to produce large 
primary crystals. 
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To avoid these problems, the casting temperature to be employed in the invention is controlled to be such that the 
degree of superheating above the liquidus line is less than 300 °C whereas the surface tenrperature of jig 20 is control- 
fed to be lower than the melting point of alloy M. Primary crystals of an even finer size can be produced by ensuring that 
the degree of superheating above the liquidus line is less than 100 °C and by adjusting the surface temperature of jig 
20 to be at least 50 ""C lower than the melting point of alloy M. It should, however, be noted that in the presence of P as 
a refiner of primary Si crystals, the molten metal should be superheated to at least 30 °C above the liquidus line; if the 
temperature of the melt is unduly low, the grains of AlP serving as a refiner will agglomerate to become no longer effec- 
tive. 

In order to ensure that the alloy solution at a specified fraction liquid will form a modified eutectic structure after 
solidification, thereby providing satisfactory mechanical properties, either Sr or Na or both are added. If the P addition 
is less than 0.005 %. it is not very effective in refining the primary Si crystals: the effect of P is saturated at 0,03 % and 
no further improvement is expected beyond 0.03 %. Hence, the P addition is controlled to lie between 0.005 % and 0.03 
%. If the Sr addition is less than 0.005 %, it is not very effective in nxxiifying the eutectic Si structures; beyond 0.03 %, 
an Al-Si-Sr compound will crystalize out to cause deterioration in the mechanical properties of the alloy. Hence, the Sr 
addition is controlled to lie between 0.005 % and 0.03%. If the Na addition is less than 0.001 %, it is not very effective 
in modifying the eutectic Si structures; beyond 0.01 %, coarse eutectic Si grains will form. Hence, the Na addition is con- 
trolled to lie between 0.001 % and 0.01 %. 

Table 6 sets forth the conditions for the preparation of semisolid metal samples and the results of evaluation of their 
metallographic structures by microscopic examination. 
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In Comparative Sample 7. the temperature of jig 20 with which the melt M was contacted was so high that the 
nunf^er of crystal nuclei generated was insufficient to produce fine primary crystals; instead, coarse primary crystals 
formed. In Comparative Sample 8, the casting temperature was so high that very few crystal nuclei remained within the 
ceramic vessel 30, yielding the same result as with Comparative Sample 7. (n Corrparative Sanpte 9, the holding time 
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was so long that the fraction liquid in the metal to be shaped was low. making the alloy unsuitable for shaping. In addi- 
tion, the size of primary crystals was undesirably large. In Comparative Sample 10. the holding time within the ceramic 
vessel 30 was short whereas the fraction liquid in the metal to be shaped was high; hence, many segregations of com- 
ponents occurred within the shaped part. In Conrparative Sample 1 1 . solidification occuaed within the insulated vessel 
and many coarse primary crystals were generated in the form of a rectangular rod (see Fig. 64). 

In each of Invention Samples 1 - 6. there was obtained a homogeneous microstructure having fine (< ca. 150^m) 
granular primary crystals that were adapted for pressure forming. 

Example 11 

An example of the invention (as recited in claim 33) will now be desaibed in detail with reference to Figs.1 , 3. 4 and 
65 - 67, in which: Fig.1 is a diagram showing a process sequence for the semisolid forming of an Al-Mg alloy; Fig.3 
shows a process flow starting with the generation of granular primary crystals and ending with the molding step; Fig.4 
shows diagrammatically the metaliogrphic structures obtained in the respective steps shown in Fig.3; Fig.65 is an equi- 
librium phase diagram for a binary Al-Mg alloy; Fig.66 is a diagrammatic representation of a micrograph showing the 
metallographic structure of a shaped part according to the invention; and Fig.67 is a diagrammatic representation of a 
micrograph showing the metallographic structure of a shaped part according to the prior art. 

As shown in Figs.1 and 65. the invention recited in claim. 33 is such tiiat: 

(1) the melt of an Al-Mg alloy held st45erheated to less than 300**C above the liquidus line is contacted with a jig at 
a lower temperature than its melting point, thereby generating crystal nuclei in the alloy solution, and the nrtolten 
metal is poured into an insulated vessel having a heat insulating effect; or 

(2) the melt of an Al-Mg alloy that contains an element to promote the generation of crystal nuclei and that is held 
superheated to less than 100°C above tiie liquidus temperature is directly poured into the insulated vessel without 
cooling the melt with a jig. 

The poured metal is held within the insulated vessel at a temperature not higher tiian the liquidus temperature but 
higher than the eutectic or solidus temperature for a period from 5 seconds to 60 minutes until a specified liquid frac- 
tionis established, whereby a large number of fine granular primary crystals are generated to produce a semisolid Al- 
Mg alloy at tiie specified fraction liquid. 

The specific procedure of semisolid metal forming to be performed in Example 11 is essentially tiie same as 
described in Example 1 . 

Silicon (Si) is added in order to promote the spheroidtzation of the generated granular primary crystals. If the Si 
addition is less tiian 0.3 %, tiie intended effect in promoting tiie spheroidization is not expected; adding more than 2.5 
% of Si will merely result in deteriorated properties of tiie alloy and no further improvement in spheroidization is 
expected. Hence, the Si addition is controlled to lie betweenO.3 % and 2.5 %. 

It should be noted tiiat the Al-Mg alloy of the invention may incorporate up to 1 % of Mn or up to 0.5 % of Cu witii 
a view to improving its strength. 

Table 7 sets forth tiie conditions for the preparation of semisolid metal samples and the results of evaluation of their 
metallorgraphic structures by miaoscopic examination. 
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In Comparative Sample 9, th temperatur of jig 20 with which the meK M was contacted was so high that the 
number of crystal nuclei generated was insufficient to produce fine primary aystals; instead, coars primary crystals 
formed. In Comparative Sample 10, the casting temperature was so high that very few crystal nuclei remained within 
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the ceramic vessel 30, yielding the same result as with Conparative Sample 9. In Comparative Sample 1 1 . the holding 
time was so long that the fraction liquid in the metal to be shaped was low. making the alloy unsuitable for shaping Jn 
addition, the size of primary crystals was undesirably large. In Comparative Sample 12. the holding time wHhin the 
ceramic vessel 30 was short whereas the fraction liquid in the metal to be shaped was high; hence, only coarse primary 
crystals fomied. In addition, the high fraction liquid caused many segregations of components within the shaped part. 
In Conparative Sample 13. the hot molten metal was directly poured into the insulated vessel, where it was solidified 
as such, yielding coarse, dendritic primary crystals (see Fig. 67). 

In each of Invention Sample 1 - 8. ttiere was obtained a homogeneous microstructure having fine (< ca. 100 Mm) 
granular primary crystals that were adapted for pressure forming. 

Example 12 

An ©ample of the invention (as recited in claims 34 - 35) will now be descrtoed in detail witti reference to accom- 
panying Rgs.1 , 2, 68 and 4 - 8. in which: Fig.1 is a diagram showing a process for the semisolid forming of a hypoeu- 
tectic aluminum alloy having a composition at or above a maximum solubility limit; Rg.2 is a diagram showing a process 
sequence for the semisolid forming of a magnesium or aluminum alloy having a composition within a maximum solubil- 
ity limit- Fig.68 shows a process flow starting with the generation of spherical primary wystals and ending with the mold- 
ing step; Fig.4 shows diagrammatically the metallographic structures obtained in the respective steps shown in Fig.68; 
Rg 5 is an equilibrium phase diagram for an Al-Si alloy as a typical aluminum alloy system; Fig.6 is an equilibnum phase 
diagram for a Mg-M alloy as a typical magnesium alloy system; Fig.7 is a diagrammatic representation of a micrograph 
showing the metallographic structure of a shaped part according to the invention; and Fig.8 is a diagrammatic repre- 
sentation of a micrograph showing the metallographic structure of a shaped part according to the prior art. 

As shown in Figs.1 . 2. 5 and 6, the invention recited in claims 34 and 35 comprises the following: the melt of a 
hypoeutectic aluminum alloy having a composition at or above a maximum solubility limit or the melt of a magnesium or 
aluminum alloy having a conposition within a maximum solubility limit is held superheated to less tiian 300 "C above 
the liquidus temperature; eittier melt is contacted with a surface of a jig at a lower temperature than its melting point, 
thereby generating crystal nuclei in the alloy solution; the melt is then poured into an insulated vessel having a heat 
insulating effect, in which vessel ttie melt is held at a temperature not higher than the liquidus line but higher than the 
eutectic or solidus temperature for a period from 5 seconds to 60 minutes, whereby a large number of fine spherical 
primary crystals are generated in the melt, which is subsequenfly shaped at a specified fraction liquid. 

The "specified fraction liquid" ranges from 0.1 % to 70 %. preferably from 10 % to 70 %. 

The term "insulated vessel" as used herein refers to eitfier a metallic or nonmetallic vessel or a metallic vessel 
either composited or coated with a nonmetallic material, which vessels are adapted to be beatable or coolable from 

either inside or outside. ^ , ^ 

According to ttie invention, semisolid metal forming will proceed by the following specific procedure. In step (1) of 
the process shown in Figs.68 and 4. a complete liquid form of metal M is contained in a ladle 10. In step (2), the metal 
is cooled with a jig 20 to generate crystal nuclei from the low-temperature melt (which may optionally contain an ele- 
ment ttiat is added to promote the generation of aystal nuclei) and the metal is then poured into a ceramic vessel 30 
having a heat insulating effect, thereby producing an alloy of a composition just below the liquidus line which has a large 
number of crystal nuclei. In subsequent step (3). the alloy is held partially molten wtthin the insulated vessel 30 (or 30A)_ 
In the meantime, fine granular (nondendritic) primary crystals result from ttie introduced crystal nuclei [step (3)-a] and 
grow into spherical primary crystals as ttie fraction solid increases witti the decreasing temperature of the melt [steps 
(3)-b and (3)-c] . Metal M thus obtained which has a specified fraction liquid is inserted into container 82 on an extruding 
machine 80 and extruded through a die 84 by pushing with a stem 86 under high pressure, yielding a shaped part P. 

After ttie generation of ttie crystal nuclei, ttie semisolid metal M in the insulated vessel 30 maybe inserted into ttie 
container 82 on the extruding machine 80 by accommodating it into ttie container 82 in such a way ttiat the part of it 
wrtiich faces the bottom of the insulated vessel 30 and which has a comparatively small portion of the impurities is 
directed toward ttie die 84; upon extrusion ttirough the die. one can obtain a shaped part of high quality which has only 
a small impurity content. Alternatively, ttie surface (top surface) of ttie semisolid metal M may be freed of ttie oxide 
before it is recovered from ttie insulated vessel 30 and ttie thus cleaned semisolid metal is charged into the container 
82 on the extruding machine 80. 

The semisolid metal forming process of ttie invention shown in Rgs.1 . 2. 68 and 4 have obvious differences from 
the conventional ttiixocasting and rheocasting mettiods. 

The casting, spheroidizing and molding conditions ttiat are respectively set for ttie steps shown in Fig. 68, namely, 
ttie step of pouring the molten metal on to ttie cooling jig 20.ttie step of generating and spheroidizing primary crystals 
and the forming step are ttie same as set forth in Example 1. 

Table 8 sets forth ttie conditions for ttie preparation of semisolid metal samples and the qualities of shaped parts. 
As Rg. 68 shows, ttie forming step consisted of inserting ttie semisolid metal into ttie container and extruding ttie same. 
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The extruding conditions were as follows: extruding machine, 800 1; extruding rate, 80 m/min; billet diameter. 75 mm; 
extrustion ratio, 20. 

In Comparative Sanple 1, the temperature of jig 20 with which the melt M was contacted was so high that the 
number of aystal nuclei generated was insufficient to produce fine spherical primary crystals; instead, coarse unspher- 
5 ical primary crystals formed as shown in Fig.7. 

In Comparative Sample 2. the casting temperature was so high that very few crystal nuclei remained within the 
ceramic vessel 30, yielding the same resutt as with Comparative Sample 1. 

In Comparative Sample 3, the holding time was so long that the fraction liquid in the metal to be shaped was low, 
yielding a shaped part of poor appearance. In addition, the size of primary crystals was undesirably targe. 
10 In Comparative Sample 4, the holding time within the ceramic vessel 30 was short whereas the fraction liquid in the 
metal to be shaped was high; hence, only dendritic primary crystals formed. In addition, the high fraction liquid caused 
many segregations of components within the shaped part. 

With Comparative Sample 5 the insulated vessel 30 was a metallic container having a smalt heat insulating effect, 
so the dendritic solidified layer forming on the inner surface of the vessel 30 would enter the spherical primary crystals 
15 generated in the central part of the vessel, yielding an inhomogeneous structure involving segregations. 
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tn Comparative Sample 6. the fraction liquid in the metal to be shaped was so high that result was the same as with 
Comparativ Sample 4. 

With Comparative Sample 7. the jig 20 was not used; the starting alloy did not contain any grain refiners, so the 
number of crystal nuclei generated was small enough to yield the same result as with Comparative Sample 1 . 
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In each of invention Samples 8 - 18, a homogeneous microstructure conrprising fine (< 150 ^m) spherical primary 
crystals was obtained to enable the production of a shaped part having good appearance. 

Example 13 

5 

An example of the invention (as recited in clainns 36 and 37) will now be described in detail with reference to accom- 
panying Figs.69 - 73, in which Fig. 69 shows two process sequences for the semisolid forming of a hypoeutectic alumi- 
num alloy; Fig.70 shows a process flow starting with the generation of spherical primary crystals and ending with the 
molding step; Fig.71 shows diagrammatically the metallographic structures obtained in the respective steps shown in 
10 Fig.70; Fig.72 is a diagrammatic representation of a micrograph showing the metallographic structure of a shaped part 
according to the invention; and Fig. 73 is a diagrammatic representation of a micrograph showing the metallographic 
structure of a shaped part according to the prior art. 

The invention concerns a process wNch starts with either one of the following steps: 

15 (1) two or more liquid alloys having different melting points that are held superheated to less than 50**C above tiie 
liquidus tenperature are mixed either directiy within an insulated vessel having a heat insulating effect or along a 
trough in a channel into the insulated vessel, thereby generating crystal nuclei in the alloy solution (see Fig.69); or 
(2) two or more metals to be mixed are preliminarily contacted with respective cooling plates so as to generate crys- 
tal nuclei and the metals that have attained temperatures just above or below the liquidus temperature are mixed 

20 either directly within an insulated vessel having a heat insulating effect or along a trough in a channel into the insu- 
lated vessel, thereby generating more crystal nuclei (see Fig.70). 

Either of the metals thus obtained is held within the insulated vessel for a period from 5 seconds to 60 minutes as 
it is cooled to a molding temperature where a specified fraction liquid is established, whereby the fine grains that have 

25 formed witiiin the alloy solution are crystallized out as no dendrites, and the metal is then fed into a mold, where it is 
subjected to pressure forming. 

The "specified fraction liquid" and the "insulated vessel " have the same meanings as delined in Example 1 . 
According to the invention, semisolid metal forming will proceed by the following specific procedure. In step (1) of 
the process shown in Figs. 70 and 71. two complete liquid forms of metals MA and MB are contained in ladles 10 and 

30 poured into a ceramic container 30 (or ceramic-coated metal container30A) which is an insulated vessel having a heat 
insulating effect. As a result, an alloy having a large number of crystal nuclei is obtained at a temperature either just 
below or above tiie liquidus line. Molten metals MA and MB may be poured either simultaneously or successively with 
one coming after the other. Alternatively, molten metals MA and MB may be poured into partitioned compartments in 
the insulated vessel 30 and tiie partition is removed all of a sudden so as to achieve mutual contact between the two 

35 metals. If desired, either molten metal MA or MB or botii may be preliminarily contacted witii a cooling jig 20 so as to 
have a number of crystal nuclei generated in the metal or metals and this is effective for the purpose of producing a 
large number of crystals [step (1 A) in Fig.70], 

In subsequent step (2), the alloy mixture MC is held partially molten within the insulated vessel 30. In the meantime, 
extremely fine primary crystals result from the introduced crystal nuclei [step (2)-a] and grow into spherical primary 

40 crystals as the fraction solid increases with the decreasing temperature of the alloy mixture MC [steps (2)-b and (2)-c]. 
Alloy mixture MC thus obtained at a specified fraction liquid is inserted into an injection sleeve 40 [step (2)-d] and, there- 
after, pressure formed witiiin a mold cavity 50a on a die casting machine to produce a shaped part [step (3)]. 

The semisolid metal forming process of the invention shown in Figs.69. 70 and 71 has obvious differences from tiie 
conventional thlxocasting and rheocasting methods. 

45 The casting, spheroidizing and molding conditions that are respectively set for tiie steps shown in ng.e9, namely, 
the step of pouring the molten metal on to the cooling jig 20,the step of generating and spheroidizing primary crystals 
and tiie forming step, are set fbrtii below. Also discussed below is tiie criticality of the numerical limitations set forth in 
claims 36 and 37. 

If the molten (liquid) metals MA and MB to be mixed have been superheated to more tiian 50°C above tiie liquidus 
50 temperature, the temperature of eitiier metal just after the mixing will neitiier be just above or below tiie liquidus tem- 
perature of the alloy mixture MC to be eventually formed. If the mixed metals are held within the insulated vessel 30, 
amicrostructure consisting of coarse dendrites will form rather than a structure of uniform, near-spherical nondendritic 
crystals. To avoid these problems, the tenperatures of, molten (liquid) metals MA and MB to be mixed need be super- 
heated to no more than 50 °C above the liquidus temperature. The "temperature eitiier just above or below tiie liquidus 
55 temperature of the metal mixture to be eventually formed" means a temperature within the liquidus temperature ±1 5°C. 
The liquid metals to be mixed shall include alloys. The insulated vessel 30 for holding tiie metals the temperature of 
which have dropped to be within the defined range after the mixing shall have a heat insulating effect in order to ensur 
that the crystal nuclei generated will grow into nondendritic (near-spherical) primary crystals and have the desired frac- 
tion liquid after a specified time. The constituent material of the insulated vessel is in no way limited to metals and those 
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which have a heat-retaining property and which yet wet with the melt only poorly are preferred. If a gas-permeable 
ceramic container is to be used as the insulated vessel 30 for holding magnesium alloys which are prone to oxidize and 
burn, the exterior to the vessel is preferably filled with a specified atmosphere (e. g. an inert or vacuum atmosphere). 

If the holding time within the insulated vessel is less than 5 seconds, it is not easy to attain the temperature for the 
desired fraction liquid and it is also difficult to generate spherical primary crystals. What is more, semisolid metals of a 
uniform tenrperature profile cannot be attained. If the holding time exceeds 60 minutes, coarse spherical primary crys- 
tals will be generated. 

It should also be mentioned that if the fraction liquid in the alloy which is about to be shaped by high-pressure cast- 
ing is less than 20 %, the resistance to deformation during the shaping is so high that it is not easy to produce shaped 
parts of good quality. If the fraction liquid exceeds 90 %, shaped parts having a homogeneous structure cannot be 
obtained. Therefore, as already mentioned, the fraction liquid in the alloy to be shaped is preferably controlled to lie 
between 20 % and 90 %. More preferably, the fraction liquid should be adjusted to range between 30 % and 70 % in 
order to ensure that shaped parts of high quality can easily be produced by pressure forming. The means of pressure 
forming are in no way limited to high-pressure casting processes typified by squeeze casting and die casting and vari- 
ous other method of pressure forming may be adopted, such as extruding and casting operations. 

By mixing two or more aluminum alloys having different liquidus temperature and holding the mixture within the 
insulated vessel 30, one can produce a semisolid metal of a fine spherical structure. If it is desired to generate more 
crystal nuclei so as to yield uniform and more fine-grained spherical structure in aluminum alloys, Ti and B may be 
added to the alloys. If the Ti content of the alloy mixture is less than 0.003 %, the intended refining effect of Tl is not 
attained; beyond 0.30 %, a coarse Ti compound will form to cause deterioration in ductility Hence, the Ti addition is 
controlled to lie between 0.003 % and 0.30 %. Boron (B) in the mixed metal MC cooperates with Ti to promote the refin- 
ing of aystal grains but its refining effect is small if the addition is less than 0.0005 %; on the other hand, the effect of 
B is saturated at 0.01 % and no further improvement is expected beyond 0.01 %. Hence, the B addition is controlled to 
lie between 0.0005 % and 0.01 %. 

The constituent material of the jig 20 having the cooling zone with which the molten metals MA and MB are to be 
contacted before they are mixed is not limited to any particular types as long as it is capable of lowering the tempera- 
tures of the melts. A jig tiiat is made of a highly heat-conductive metal such as copper, a copper alloy, aluminum or an 
aluminum alloy and which is controlled to provide a cooling effect for maintaining temperatures below a specified level 
is particularly preferred since it allows for the generation of many crystal nuclei. In order to ensure that the temperatures 
of the molten metals MA and MB which have been contacted with the cooling jig 20 are either just above or below the 
respective liquidus lines, tiie molten alloys held superheated to less tiian 300°C above the solidus temperaturesare 
desirably contacted with a surface of the jig at a lower tenperature than tiie melting points of said alloys. Preferably, the 
degree of superheating above the liquidus temperatures lie less than 100**C, more preferably less than 50°C. 

Table 9 sets fortii the conditions for the preparation of semisolid samples and the qualities of shaped parts. As 
shown in Fig.70. tiie shaping operation consisted of inserting tiie semisolid metal into an injection sleeve and subse- 
quent forming on a squeeze casting machine. The forming conditions were as follows: pressure, 950 kgf/on^ ; injection 
speed, 1 .5m/s; mold cavity dimensions, 1 00 x 150 x 10; mold temperature. 230 **C. 

In Comparative Sample 9, the holding time was so long that undesirably large primary crystals formed. In Compar- 
ative Sample 10, the temperatures of the alloys to be mixed were high and so was tiie temperature of tiie resulting mix- 
ture; hence, the number of tiie crystal nuclei generated was small enough to produce only dendritic primary crystals. In 
Comparative Sanrple 1 1 , tiie holding time was short whereas the liquid fraction in the alloy mixture was high and tiiis 
caused extensive segregations in tiie interior of the sharped part. 
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In eac^ of Invention Samples 1 - 8, a homogeneous miaostrucrture comprising fine (< 150 ^im) spherical primary 
crystals was obtained to enable the production of a shaped part having no internal segregations. 
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Example 14 

This is an Example of the invention as recited in claim 38 and it was Implemented by the same method as in Exam- 
ple 1 , except that at the end of the step of holding the alloy partially molten within the insulated vessel 30 (or 30A), an 
oxide W forming on the semisolid metal was removed by means of a metallic or nonmetallic jig [step (3)-c in Fig.74]. 

As also shown in Fig.74, the shaping operation consisted of inserting the semisolid metal into an injection sleeve 
and subsequent forming on a squeeze casting machine. The forming conditions were as follows: pressure, 950 kgf/cm^ 
; Injection speed, 1 .5 m/s; mold cavity dimensions, 100 x 150 x 10; mold temperature, 230**C. 

Table 10 shows how the quality of shaped parts was affected by the presence or absence of the oxide. Obviously. 
Invention Samples 23 - 26 had better results than Comparative Samples 21 and 22. 
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Claims 

1. A method of shaping a semisolid metal, In which a liquid alloy having crystal nuclei at a temperature not lower than 
the liquidus temperature or a partially solid, partially liquid alloy having crystal nuclei at a temperature not lower 
than a nx)lding temperature is fed into an insulated vessel having a heat insulating effect, held in said insulated ves- 
sel for a period from 5 seconds to 60 minutes as it is cooled to the molding temperature where a specified fraction 
liquid is established, thereby crystallizing fine primary crystals in the alloy solution, and the alloy is fed into a form- 
ing mold, where it is shaped under pressure. 

2. A method according to claim 1 , wherein the crystal nuclei are generated by contacting the molten alloy with a sur- 
face of a jig at a temperature lower than the melting point of said alloy which has been held superheated to less 
than 300°C above the liquidus temperature. 

3. A method according to claim 2, wherein the jig with which the melt is to be contacted is a metallic or nonmetallic jig, 
or a metallic jig having a surface coated with a nonmetallic material or semiconductor, or a metallic jig composited 
with a nonmetallic material or semiconductor, with said jig being adapted to be coolable from either inside or out- 
side. 

4. A method according to claim 1 or 2, wherein the aystal nuclei are generated by applying vibrations to the molten 
metal in contact with either the jig or the insulated vessel or both. 

5. A method according to daim 1 or 2, wherein the alloy is an aluminum alloy of a conposition within a maximum sol- 
ubility limit or a hypoeutectic aluminum alloy of a composition at or above a maximum solubility limit. 

6. A method according to claim 1 or 2, wherein the alloy is a mangesium alloy of a composition within a maxinrtum sol- 
ubility limit. 

7. A method according to claim 5, wherein the aluminum alloy has 0.001% • 0.01% B and 0.005% - 0.3% Ti added 
thereto. 

8. A method according to claim 6, wherein the magnesium alloy has 0.005% - 0.1% Sr added thereto, or 0.01% - 1 .5% 
Si and 0.005% - 0.1% Sr added thereto, or 0.05% - 0.30% Ca added thereto, 

9. A method according to claim 7, wherein a molten aluminum alloy held superheated less than 100°C above the liq- 
uidus temperature is directly poured into the insulated vessel without using a jig. 

10. A method according to daim 8. wherein a molten magnesium alloy held superheated to less than 100°C above the 
liquidus temperature is directly poured into the insulated vessel without using a jig. 

11. A method of shaping a semisolid metal, in which liquid alloy having crystal nuclei that has been superheated by a 
degree (X °C) of less than lO^'C above the liquidus line is held in an insulated vessel for a period from 5 seconds 
to 60 minutes as it is cooled to a molding ten^serature where a specified fraction liquid is established, such that the 
cooling from the initial temperature at which said alloy is held in said insulated vessel to its liquidus temperature Is 
completed within a time shorter than the time Y (in minutes) calculated by the relation Y=10-X and that the period 
of cooling from said initial temperature to a temperature 5''C lower than said liquidus temperature is not longer than 
15 minutes, whereby fine primary crystals are crystallized in the alloy solution, which is then fed into a forming 
mold, where it is shaped under pressure. 

12. A method of shaping a semisolid metal, in which a partially solid, partially liquid alloy having crystal nuclei at a tem- 
perature not lower than a molding temperature is held within an insulated vessel for a period from 5 seconds to 60 
minutes as it is cooled to the molding temperature where a specified fraction liquid is established, such that the 
period of cooling from the initial temperature at which said alloy is held in said insulated vessel to a temperature 
5''C lower than its liquidus temperature is not longer than 1 5 minutes, whereby fine primary crystals are crystallized 
in the alloy solution, which is then fed into a forming mold, where it is shaped under pressure. 

13. A method according t claim 1 1 or 12, wherein the crystal nuclei are generated by holding the molten alloy super- 
heated to less than SOCC above tiie liquidus temperature and contacting th m It witii a surface of a jig at a lower 
temperature than its melting point. 
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14. An apparatus for producing a semisolid forming metal having fine primary crystals dispersed in a liquid phase, 
which comprises a nucleus generating section that causes a molten metal to contact a cooling jig to generate ays- 
tal nuclei in the solution and a crystal generating section having an insulated vessel in which the metal obtained in 
said nucleus generating section is held as it is cooled to a molding temperature at which said metal is partially solid, 
partially liquid. 

15. An apparatus according to claim 14, wherein the cooling jig in the nucleus generating section is either an inclined 
flat plate that has an internal channel for a cooling medium and that has a pair of weirs provided on the top surface 
parallel to the flow of the melt, or a cylindrical or semicylindrical tube. 

16. A method of shaping a semisolid metal, in which a liquid alloy having crystal nuclei at a temperature not lower than 
the liquidus temperature or a partially solid, partially liquid alloy having crystal nuclei at a temperature not lower 
than a molding temperature is poured Into a vessel so that rt is cooled to a temperature at which a fraction solid 
appropriate for shaping is established, said vessel being adapted to be beatable or coolable from either inside or 
outside, being made of a material having a thermal conductivity of at least 1 .0 kcal/hr • m • ""C (at room temperature) 
and being held at a temperature not higher than the liquidus temperature of said alloy prior to its pouring, and in 
which said alloy is poured into said vessel in such a manner that fine, nondendritic primary crystals are crystallized 
in said alloy solution and that said alloy is cooled rapidly enough to be provided with a uniform temperature profile 
in said vessel, and said alloy, after being cooled, is fed into a forming mold, where it is shaped under pressure. 

17. A method according to daim 16, wherein the step of cooling said alloy is performed with the top and bottom por- 
tions of the vessel being heated by a greater degree than the middle portion or heat-retained with a heat-retaining 
material having a thermal conductivity of less than 1 .0 kcal/hr • m • *C or with either the top or bottom portion of the 
vessel being heated while the remainder is heat-retained. 

18. A method according to claim 16, wherein the step of cooling said alloy is performed with the vessel holding said 
alloy being accommodated in an outer vessel that is capable of accommodating said alloy holding vessel and that 
has a smaller thermal conductivity than said holding vessel, or that has a thermal conductivity equal to or greater 
than that of said holding vessel and which has a higher initial temperature than said holding vessel, or that is 
spaced from said holding vessel by a gas-filled gap. at a sufficiently rapid cooling rate to provide a uniform temper- 
ature profile through the alloy in said holding vessel no later than the start of the shaping step. 

19. In a method of managing the temperature of a semisolid metal slurry for use in mokjing equipment in which a mol- 
ten metal containing a targe number of crystal nuclei is poured into a vessel, where it is cooled to produce a semi- 
solid metal slurry containing both a solkl and a liquid phase in specified amounts, said slurry being subsequently 
fed into a molding machine for shaping under pressure, the improvement wherein the vessel for holding saki molten 
metal is tenrperature-managed such as to establish a preset desired temperature prior to the pouring of saki molten 
metal and such that sakl molten metal is cooled at an intended rate after said molten metal is poured into said ves- 
sel. 

20. An apparatus for managing the temperature of a semisolid metal sluny to be used in mokiing equipment in which 
a molten metal containing a large number of crystal nuclei is poured from a melt holding furnace into a vessel, 
where it is cooled to produce a semisolid metal slurry containing both a solid and a liquid phase in specified 
amounts and in which saki slurry is directly fed into a molding machine for shaping under pressure, which appara- 
tus comprising the vessel for comprising the vessel for holding saki molten metal, a vessel temperature control sec- 
tion for managing the temperature of said vessel, a semisdki metal cooling section for managing the temperature 
of the as-poured molten metal such that it is cooled at an intended rate, and a vessel transport mechanism com- 
prising basically a robot for gripping, moving and transporting said vessel and a conveyor for candying, moving and 
transporting said vessel. 

21 . An apparatus according to claim 20. wherein the vessel temperature control section comprises a vessel cooling fur- 
nace for cooling the vessel at an ambient temperature not higher than a target temperature for the vessel and a ves- 
sel heat-retaining furnace for holding the vessel at an ambient temperature equal to said target temperature 

22. An apparatus according to daim 20, wherein the semisolid metal cooling section comprises a semisolid metal 
slowly cooling furnace and a semisoiki metal slowly cooling furnace for managing the temperature in itself to be 
higher than the t nperature in saki semisoiki metal cooling furnace. 
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23. An apparatus according to daim 22, wherein the seniisolid metal cooling furnace is such that the area around the 
vessel carried on the conveyor device moving to pass through said furnace is partitioned into three regions, the 
upper, middle and lower parts, by means of two pairs of heat insulating plates, one pair consisting of an upper right 
and an upper left plate and the other pair consisting of a tower right and a lower left plate, with a heater being 
installed in both said i^per and lower parts for heating said two parts at a higher temperature than hot air to be 
supplied to said central part. 

24. An apparatus according to claim 22. wherein a preheating furnace is instafled at a stage prior to the semisolfd metal 
cooling furnace to ensure that both a plinth having a lower thermal conductivity than said vessel and which can-ies 
said vessel before it is directed to said semisolid metal cooling furnace and a lid having a lower thermal conductivity 
than said vessel and which is to be placed to cover it after It accommodates said molten metal are preheated by 
being moved to pass through said preheating furnace in advance. 

25. An apparatus according to dalm 24« wherein the semisolid metal cooling furnace Is equipped with a control unit 
with which the temperature or the velodty of hot air to be supplied into said semisolid metal cooling furnace is con- 
trolled to vary with the lapse of time. 

26. An apparatus according to dalm 22. wherein the semisolid metal cooling furnace comprises an array of housings 
each accommodating the vessel as It contains the molten metal and being equipped with an openable cover and 
hot air feed/exhaust pipes, as well as a mechanism by which a receptade for carrying said vessel is rotated about 
a vertical shaft. 

27. An apparatus according to daim 26. wherein the housing are each equipped with a vibrator for vibrating the recep- 
tacle. 

28. An apparatus according to daim 24, wherein the semisolid metal cooling furnace for bleating the nrx)lten metal as 
poured Into a vessel having a ti^ermal conductivity of at least 1.0 kcal/hr * m • °C is supplied witii hot air having a 
temperature in the range from 150**C to 350*C for aluminum alloys and from 200*'C to 450*'C for magnesium alloys. 

29. An apparatijs according to daim 24, wherein the semisolid metal cooling furnace for feating the molten metal as 
poured into a vessel having a tiiermal conductivity of less tiian 1 .0 kcal/hr * m • °C is supplied witii hot air having a 
temperature in tine range from 50°C to 200'*C for aluminum alloys and from 100**C to 250°C for magnesium alloys. 

30. A method according to dalm 1 or 2, wherein the molten metal as poured into tiie Insulated vessel is Isolated from 
the ambient atmosphere by closing the top surface of said vessel with an insulating lid having a heat Insulating 
effect as long as said molten metal is held within said vessel until the molding temperature is reached. 

31. A metiiod according to dalm 1 or 2, wherein the alloy is a zinc alloy 

32. A method according to daim 1 or 2, wherein the alloy is a hypereutectic Al-Si alloy having 0.005% - 0.03% P added 
thereto or a hypereutectic Al-Si alloy containing 0.00S% • 0.03% P and having either 0.005% - 0.03% Sr or 0.001% 
- 0.01% Na or both added tiiereto. 

33. A method according to claim i or 2, wherein the alloy is a hypoeutectic At-Mg alloy containing Mg In an amount not 
exceeding a maximum solubility limit artd which has 0.3% - 2.5% Si added thereto. 

34. A method according to daim 1 or 2, wherein the pressure forming is accomplished with the alloy being inserted into 
a container on an exti-uding machine. 

35. A method according to daim 34, wherein the extruding machine is of eitiier a horizontal or a vertical type or of such 
a horizontal type in which the container changes position from being vertical to horizontal before shaping and 
wherein the method of extrusion is either direct or indirect. 

36. A method according to dalm 1, wherein the crystal nude! are generated by a method in which two or more liquid 
alloys having different melting points that are held superheated to less than 50^0 above the liquidus tenrperature 
are mixed either directly within tiie insulated vessel having a heat insulating effect or along a trough in a path into 
the insulated vessel, such that the tenrperature of the metal as mixed is either just above or below the liquidus tem- 
perature. 
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37. A method according to daim 36, wherein the two or more metals to be mixed are preliminarily contacted with 
respective jigs each having a cooling zone such as to produce metals of different melting points that have aystal 
nuclei and which have attained temperatures just either above or below the liquldus temperature. 

38. A method according to daim 1 . wherein the top surface of the semisolid metal that is held within the Insulated ves- 
sel and which is to be fed into the forming mold is removed by means of either a metallic or nonmetalllc jig during 
a period from just after the pouring into said vessel but before the molding temperature Is reached and. thereafter, 
said semisolid metal is inserted into an injection sleeve. 

39. A method according to daim 18. wherein the outer vessel is heated either from inside or outside or by induction 
heating, with such heating being performed only before or after the insertion of the holding vessel into the outer 
vessel or continued throughout the period not only before but also after said Insertion. 

40. A method according to daim 9. wherein the aluminum alloy Is replaced by a zinc alloy 
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FIG. 5 
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FIG. 6 



Superheated to no more than lOO^^C 
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FIG. 8 Prior Art 
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FIG. II 



Temperature of melt is, depending on cases, 
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FIG. 12 
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FIG. 13 
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FIG. 19 
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FIG. 20 
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FIG. 21 
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FIG. 23(a) 
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FIG. 25 
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FIG. 27 
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FIG. 34 Prior Art 
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FIG. 56 
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FIG. 62 
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FIG. 65 
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FIG. 69 
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